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Stem profile of red oaks in a bottomland hardwood restoration 
plantation forest in the Arkansas Delta (USA)
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Bottomland  hardwoods  are  among  the  most  diverse  and  productive  forest
ecosystems in the southeastern United States and are critically important for
the provision of  timber and non-timber ecosystem services.  Red oaks,  the
dominant species in this group of forests, are of high ecological and economic
value. Stem profile models are essential  for accurately estimating the mer-
chantable volume of oak trees, which is also closely indicative of total tree
biomass  and  other  ecosystem services  given  their  allometric  relationships.
This study aims to develop and compare stem profiles among three red oak
species in an 18-year old plantation forest using destructive sampling. Sixty
trees randomly selected from an oak restoration plantation in the Arkansas
Delta were felled for measuring the diameter-outside-bark (DOB) and diame-
ter-inside-bark  (DIB)  at  different  stem heights.  These  sample  composed  of
twenty trees from each of three species: cherry bark oak (CBO – Quercus pa-
goda Raf), Nuttall oak (NUT – Quercus texana Buckley), and Shumard oak (SHU
– Quercus shumardii Buckl). Multiple models, including the segmented-profile
model, form-class profile model, and second-and third-order polynomial mod-
els were fitted and compared. Results demonstrate that the form-class profile
model was the best fitted for CBO and NUT, whereas the third-order polyno-
mial model was the best for SHU. CBO tends to grow taller and has a higher
wood density than NUT and SHU. These findings will inform restoration and
management decisions of bottomland hardwood forests, especially red oaks in
the region.

Keywords: Cherry Bark Oak, Nuttall Oak, Shumard Oak, Taper Models, Wood
Density, Southeastern United States

Introduction
Bottomland  hardwoods  are  among  the

most diverse and productive forest ecosys-
tems in the southeastern US. They are criti-
cally important for providing many benefits
including timber, water regulation, wildlife
habitats and biodiversity, natural sceneries,
and  carbon  sequestration  and  storage,
among  others  (Saikku  1996,  Kellison  &
Young 1997,  EPA 2016). This group of for-
ests  once covered nearly  12  million  ha  in
the region; however, sixty percent of bot-
tomland hardwood forests have been lost
in the past two hundred years mainly due
to  agricultural  expansion  (EPA  2016).  Ex-
tensive efforts have been undertaken to re-

store bottomland hardwood forests in re-
cent  decades,  mainly  through plantations
on cropland that was originally converted
from forests (Allen 1997). Among the most
important  tree  species  in  this  ecosystem
are oaks, particularly red oaks (Allen 1997,
Kellison  &  Young  1997,  Lockhart  et  al.
2010), which provide food for a variety of
wildlife and lumber and veneer for the pro-
duction of high quality furniture, flooring,
and other products. Yet, the availability of
accurate growth and yield models for the
forests in general and oaks in particular is
limited compared to other commercial spe-
cies like pines (Rauscher et al. 2000). Infor-
mation on young oak stand development is

particularly  limited.  Such  limitations  have
hindered the development and implemen-
tation  of  effective  forest  restoration  and
management decisions to enhance the pro-
visions  of  timber  and  non-timber  ecosys-
tem  services  from  this  group  of  forests
(Matney & Parker 1992,  Rupsys & Petraus-
kas 2010).

Stem profile studies can help improve the
accuracy  of  growth and yield  estimations
and projections while providing valuable in-
formation  about  the  characteristics  of
trees and forests. Tree profile equations es-
timated  statistically  using  empirical  data
predict  the  diameter  at  various  heights
along the bole of a tree (Methol 2001, Oun-
ekham 2009),  improving volume and  car-
bon estimates. Profile equations allow for
predicting volumes to merchantable top di-
ameters,  a  fundamental  basis  for  forest
managers to compute volumes to any top
diameter  as  well  as  diameter/height  at  a
specific  height/diameter  along  the  stem.
However, there is a lack of published pro-
file  equations  for  oaks  in  the  hardwood
forests. Given the ecological importance of
oaks in the forests and the high value of
oak  wood  products,  the  development  of
profile  equations  will  aid  in  their  volume
and value estimation.

Profile modeling is  an  active area of  re-
search in forestry given the flexibility and
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utility  afforded  by  the  various  existing
models (Westfall  & Scott 2010,  Tian et al.
2017). Taper equations represent the math-
ematical  expression  of  stem  diameter
change with respect to height on the basis
of species, age, and stand condition (Husch
et al. 1972, Brooks et al. 2008). A number of
taper  functions  have  been developed for
different tree species with various forms in-
cluding  simple  taper  functions,  variable-
form taper functions, and segmented poly-
nomial taper functions (Methol 2001, Jiang
et al. 2005). Simple taper functions mainly
define tree profiles with a single continu-
ous equation for the whole bole (Bruce et
al. 1968,  Kozak et al. 1969,  Ormerod 1973,
Hilt 1980, Gordon et al. 1996, Zakrzewski &
MacFarlane  2006).  Though  simple,  they
were  unable  to  precisely  describe  the
whole  bole  profile  especially  the  base  of
the stem (Jiang et  al.  2005).  By  contrast,
the  variable-form  taper  functions  assume
that  the  stem  form/shape  continuously
changes with the height (Lee et al. 2003);
therefore,  those  equations  describe  the
stem profile with an exponent variable to
characterize  the  neiloid,  paraboloid,  and
conic  (Newnham  1988,  Kozak  2004).  The
advantages  of  the  variable-form  taper
functions are that they describe the stem
form  through  a  continuous  function  and
can predict/estimate the upper-stem diam-
eters more accurately. However, the disad-
vantage of these functions are their inabil-
ity to be logically associated to estimating
total volumes.

Segmented  polynomial  taper  functions
describe stem shape through fitting a dis-
tinct equation for each segment and then
binding  multiple  equations  together  to
produce and overall  segmented structure
estimation (Max & Burkhart 1976, Cao et al.
1980,  Clark et  al.  1991,  Jiang et  al.  2005).
Max & Burkhart  (1976) developed a  well-
known  profile  equation  for  loblolly  pine
(Pinus taeda) involving a segmented poly-
nomial  regression  approach,  which  delin-

eates the bole of a tree into three sections
based on the generalized relative geomet-
ric form. This approach is based on the as-
sumption that in mathematical evaluation
a segmented model will best approximate
the  stem  form.  A  segmented  polynomial
profile  model  can  be  created  by  grafting
three  sub-models  at  two  joint  points  re-
ferred  to  as  inflection  points  (Sharma  &
Burkhart 2003). Similar to Max & Burkhart
(1976) model,  Cao (2009) segmented pro-
file model also consists of three sub-mod-
els that are joined at two points; each sub-
model  in  Cao  (2009) has  a  form  of  the
modified Goulding & Murray (1976) model,
which  can  be  inverted  to  predict  height
and volume.  Clark et al. (1991) proposed a
form-class segmented profile model by in-
corporating  the  form  quotient  of  the  Gi-
rard form class to produce a more robust
model.  Their  model  assesses  stem  struc-
ture partially  based on the relative meas-
urements involved with the quotient. They
compared  their  model  with  Max & Burk-
hart  (1976) segmented  polynomial  equa-
tion  and  found  that  the  form-class  seg-
mented model provides more accurate vol-
ume  estimations.  The  segmented-profile
models  including  form-class  segmented
profile models were commonly employed
in  fitting  the  stem  of  hardwood  species.
For example,  Jiang et al. (2005) employed
the  segmented-profile  model  by  Max  &
Burkhart (1976) and Clark et al. (1991) in fit-
ting the stem of yellow-poplar;  Tian et al.
(2017) fitted the invasive tallow stem using
both  Max  &  Burkhart  (1976) and  Cao
(2009) as well as Clark et al. (1991). In addi-
tion, Alkan & Ozçelik (2020) tested nine ta-
per equations for stem profile and volume
of Taurus fir in Taurus Mountains of Turkey
and  found  that  among  segmented  taper
models, the  Fang et al. (2000) model was
the most accurate taper equation for esti-
mating diameter, predicting merchantable,
and  total  volume.  Moreover,  this  model
does not require numerical integration like

the variable-form equations for volume es-
timations. Parker (1997) suggested the use
of a non-segmented, third degree polyno-
mial for small data sets with limited diame-
ter  and  height  ranges,  and  developed  a
computer  program  for  calculating  both
non-segmented and single or multiple seg-
mented  tree  profile  equations.  His  equa-
tions were based on non-destructive mea-
surements  of  upper  stem  diameters  of
standing trees  taken with  an optical  den-
drometer.  Overall,  segmented  polynomial
functions  composed  of  a  series  of  sub-
models  representing  various  sections  of
the  stem  perform  better  than  simple  or
variable form taper functions and are wide-
ly used (Ounekham 2009).

The main objective of this study is to de-
velop and compare the stem profile mod-
els for three oak species planted in the Ar-
kansas Delta,  located in the lower Missis-
sippi  River  alluvial  valley  (LMRAV).  Hard-
wood  forests  in  the LMRAV  are  a  typical
example of bottomland hardwood forests
in  the  southeastern  US in  terms  of  their
ecological  features,  conversion  to  crop-
lands, and restoration efforts (MacDonald
et al. 1979,  Allen 1997). The three oak spe-
cies  are  cherry  bark  oak  (CBO  – Quercus
pagoda Raf), Nuttall oak (NUT  – Q. texana
Buckley), and Shumard oak (SHU – Q. shu-
mardii Buckl).  Different profile models for
each  species  will  be  estimated  and  com-
pared. Additionally, wood density will also
be  measured  and  compared  among  the
three oak species, indicative of the physical
property  and  carbon  content  of  the  oak
wood.  As  natural  and  primary  hardwood
forests become increasingly scarce and are
protected  for  conservation  purposes,  a
dominant amount of hardwood timber has
come from second growth and plantations.
Plantations will become increasingly impor-
tant in timber supply in the near future. Ad-
ditionally,  stem profile  equations  are fun-
damental  to  quantifying  tree  biomass
which is closely related to the provisions of
non-timber ecosystem services. Hence, the
results  of  this  study  will  inform  decision
making in oak plantation design and man-
agement to restore the bottomland hard-
wood forests for both timber and non-tim-
ber objectives while enriching the existing
literature in oak stem profile, volume, and
wood density.

Methodology

Study site
The  data  for  this  study  were  collected

from an oak restoration plantation estab-
lished  at  the  University  of  Arkansas  Divi-
sion of Agriculture Pine Tree Research Sta-
tion  (AgPTRS)  in  the  Arkansas  Delta  (35°
07′ 48″ N, 90° 55′ 45″ W). The 12.15 ha hard-
wood  plantation  was  on  a  prior  flood
prone and low productive bean field that
was enrolled in the Conservation Reserve
Program.  The  oak  trees  involved  in  this
study were planted in February 2004 after
the site was ripped to a depth of 0.91 m in
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Fig. 1 - Study site and the layout of the measurement plots with all three oak species.
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Stem profiles in a red oak plantation in Arkansas Delta

November  2003.  Seedlings  were  hand
planted  at  a  3.05  × 3.05  m  spacing  in  12
plots with 4 replications. Each of the three
red  oak  species  (cherry  bark  oak,  CBO  –
Quercus  pagoda Raf; Nuttall  oak,  NUT  –
Quercus texana Buckley; and Shumard oak,
SHU  – Quercus shumardii Buckl) were ran-
domly assigned to 68.58  × 68.58 m plots.
(Fig.  1).  No further  management  was  ap-
plied to the plots in the 18-year interval be-
tween planting and data collection for this
study.

Data collection
Destructive  sampling  procedures  are  a

standard practice in  tree profile data col-
lection  because  stem  diameters  including
diameter-outside-bark  (DOB)  and  diame-
ter-inside-bark  (DIB)  can  easily  be  mea-
sured on felled trees. In addition, stem pro-
file data measured along a felled tree pro-
vides reliable data, representing one of the
most accurate methods for volume quan-
tification.  We  employed  destructive  sam-
pling for accurate and reliable profile data
measurements of diameter and height val-
ue pairs along the entire length of the tree
stem.

A total of 60 oak trees were randomly se-
lected (20 for  each species of  CBO, NUT,
and SHU) equally from all each of the four
replications in the study (5 trees from each
replication). Prior to felling, total height of
the  standing  sample  trees  was  measured
with a clinometer; meanwhile, diameter at
breast  height  (DBH)  were  also  measured
for  all  the  60  selected  trees.  They  were
then felled  at  approximately 0.15  m from
the ground,  and the  bole  was  cleared of
branches to facilitate measurements. Mer-
chantable  stem  length  was  recorded  for
each tree by running a tape measurement
along the length of the main apical branch
until  a  10.16  cm  DOB  was  reached.  The
stem  was divided into  1.83  m sections  in
the field and disks with 2.5-5.0 cm in thick-
ness  were  then  extracted  from  the  mid-
point of each section; DOB and DIB were
measured at the lower and upper ends of
each  section.  These  collected  disks  were
marked with species, tree number as well
as disk number.  They were sealed in pre-
weighed and marked plastic  bags  to pre-
serve their green weight. In addition, both
DOB and DIB at a selected height (~5.27 m)
was  also  recorded.  As  a  result,  DOB  and
DIB were recorded along the bole at rela-
tive heights of 0.15 m, 1.37 m, 1.83 m, 3.66
m,  5.27  m,  5.49  m,  7.32  m  etc.  until  the
point of a 10.16 cm diameter outside bark
was  reached.  At  each  recorded  height
along the felled stem, both DOB and DIB
were measured twice in two different di-
rections for accuracy.

The tree disks were returned to the labo-
ratory  and  weighed  in  the  pre-weighed
bags to determine green weight. The disks
were  then  oven  dried  at  80  °C  and  re-
weighed to determine moisture content. A
wedge of wood was then separated from
the oven dry disk and the weight of that

wedge was  recorded.  The volume of  the
wedge  was  then  determined  by  the  dis-
placement  method in  water  at  3  °C after
coating  the  wedge  in  paraffin  wax.  The
wood density was computed using the dry
weight  of  the  wedge divided  by  the  vol-
ume  of  the  same  wedge,  denoted  by
grams per cubic centimeter (g cm-3).

Profile models
A total of seven profile models were fit-

ted in this study including the segmented
polynomial  models  of  Max  &  Burkhart
(1976),  Cao (2009),  Clark et al.  (1991) and
optimized  Cao (2009);  and the form-class
models of second- and third-order polyno-
mial equations. To be specific, those seven
profile models were: (MB) Max & Burkhart
(1976); (CAO) Cao (2009); (CSS) Clark et al.
(1991),  optimized  Cao  (2009);   (OCAO_F)
modified MB to pass through DBH and FC
at  FC  height,  optimized  Cao  (2009);
(OCAO_R)  modified  MB  to  pass  through
DBH and FC at relative height; (POLY3) 3rd-
order polynomial joined at breast height to
5th  order  polynomial;  and (POLY2)  2nd-or-
der polynomial  joined at  breast height to
5th-order  polynomial.  Specific  mathematic
expressions of these models  are shown in
the equations below. The notations associ-
ated  with  the  seven  taper  equations  are
listed in Tab. 1.

The widely used MB profile function is ex-
pressed in eqn. 1 and b1, b2, b3, b4, α, and β
are parameters  to be estimated,  α and  β
represent the joint points as showed in the
constraint  conditions  function.  This  seg-
mented polynomial model describes a tree
stem with three sections (eqn. 1):

(1)

where S =  (h/TH) and  S2 =  (h)2/(TH)2. The
constraint  conditions  for  this  model  are
(eqn. 2):

(2)

The  profile  model  of  CAO including  the
optimized  OCAO_F and  OCAO_R (Cao

2009)  is shown in eqn. 3-5 with parameter
b1 being  modified  to  parameter  b1

* for
OCAO_R (eqn. 3, eqn. 4, eqn. 5):

(3)

(4)

(5)

where S3 = 4.5/TH.
The  segmented  model  of  CSS  describes

the stem with four sections composed of
the  butt  section  (from  stump  to  breast
height  of  1.37  m),  lower  stem  (between
1.37 m and 5.27 m), middle stem (from 5.27
m  to  40-70%  of  total  height),  and  upper
stem (from 40% to 70% of total  height to
the tip of the tree – Jiang et al. 2005, Ozçe-
lik et al. 2011). The mathematic expression
is presented in eqn. 9,  where  b1,  b2,  b3 are
the parameters for the butt section;  b4 is
the  parameter  for  the lower  stem;  b5,  b6

are the coefficients for  height  above 5.27
m; Z1 = 1-(h/TH) = 1 - S; Z2 = 1-(4.5/TH) = 1 – S3,
Z3 = (h-17.3)/(H-17.3).

(6)

(7)

(8)

(9)

Hence, the constraints for this model are
(eqn. 10):

(10)

By contrast, the form-class models of sec-
ond-  and  third-order  polynomial  models
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Tab. 1 - Notations associated with stem profile models.

Notations Definition

TH The total height of a tree

hD Breast height (1.37 m)

D Diameter at breast height (DBH)

d Diameter at specific height of h, including diameter-outside-bark (DOB) and 
diameter-inside-bark (DIB)

h Height above the ground to the measurement point

d* Calibrated diameter

F diameter at 5.27 m, including DOB and DIB
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=[b1(S−1)+b2 (S2−1 )

+b3(α−S )2 I1+b4( β−S )2 I2]
0.5

{if h=H then d=0
if h=hD then d=D
if S≤α then I1=1 else I 1=0
if S≤β then I2=1 else I2=0

y* (1−S )=b1
*⋅(1−S )+b2⋅(1−S )2

+b3⋅I1(1−S−α )2

+b4⋅I2 (1−S−β )2

y*=
(d*)2

D2

b1
*=
y (1−S3)− ŷ (1−S3)+b1⋅(1−S3)

1−S3

ω1=D
2[1+(b2+ b3D3)(Z 1b1−Z2b1)

1−Z2
b1 ]

{
if h≤1.37 then IS=1 else I S=0
if 1.37≤h≤5.27 then IB=1 else IB=0
if 5.27≤h then IT=1 else IT=0
if h≤(5.27+b5(H−5.27 ))

then I M=1 else IM=0

ω 2=D
2–

(D2−F2)(Z 2b4−Z 1b4)

Z 2
b4 –(1−17.3TH )

b4

ω3=α (Z3−1 )2+IM
1−α
b5
2

(b5−Z3)
2

d=(I sω 1+I Bω 2+IT F
2ω 3)

0.5



Tian N et al. - iForest 15: 179-186

are shown in eqn. 11 and 12, respectively:

(11)

(12)

where b1, b2, b3, b4, b5 are the parameters to
be estimated.

Statistical analysis
To test for  differences in DBH and total

height of CBO, NUT, and SHU at a 0.05 sig-
nificance  level,  analysis  of  variance
(ANOVA) was employed.

The  measurements  of  DOB,  DIB,  and
height pairs provided the inputs for TPro-
file (Matney 1996) to estimate the parame-
ters  of  each  profile  equation  described
above.  All  profile  equations  fitted  in  this
study were calculated using Tprofile which
can fit commonly used profile functions for
a variety of hardwood species throughout
the Southeast US (Matney 1996, Gordon et
al.  2015).  One potential  problem in fitting
the  stem profile model  is  autocorrelation
(VanderSchaaf & Burkhart 2007, Yang et al.
2009);  to  address  this  concern,  Durbin-
Watson test for both DOB and DIB data of
three  oak  species  were  performed.  The
test statistic values were all around 1.4/1.5
(p-value ~ 0.09), indicating that autocorre-
lation was not a major concern in the data.

Those  fitted  equations  were  evaluated
and compared using mean absolute error
(MAE),  root  mean  square  error  (RMSE),
and  the  index of  fit  (FI).  Specifically,  the
MAE  (eqn.  13)  was  computed  along  the
bole as the average absolute difference be-
tween  observed  and  predicted  diameter
values. The RMSE (eqn.  14) was calculated
by the square root of the average of the
absolute  value  of  the  squared  biases
whereas FI (eqn. 15) was calculated as one
minus the sum of squared errors divided by
the total sum of squares.

(13)

(14)

(15)

where  Yi denotes  the  observations/meas-
urements,  Ŷi represents the predictions,  Ȳ
is the mean of  Yi, and  n is the number of
observations in the dataset.

Furthermore,  we  plotted  the  residuals
(computed by observed values minus pre-
dicted values) of DOB and DIB against rela-
tive  height  to  diagnose  how  well  each
model predicted the stem profile data. To-
gether  with  the  computed  RMSE  and  FI
values, we determined the best fit profile
equation for each oak species.

Results

Descriptive statistics for three oak 
species

The  descriptive  statistics  of  DBH,  total
height, and wood density for all three oak
species of CBO, NUT, and SHU are summa-
rized in Tab. 2. Average DBH for CBO, NUT,
and SHU were 18.44 cm, 16.51 cm, and 16.61
cm, respectively. Total height, on average,
was 17.75 m, 15.56 m, and 13.58 m respec-
tively for CBO, NUT, and SHU. The results
of  ANOVA tests  indicated  that  there was
no distinct difference in DBH among CBO,
NUT, and SHU; however, a significant dif-
ference was found in total  height  among
them. To be specific, CBO was significantly
taller than NUT which was taller than SHU,
though they were planted in a similar envi-
ronment at the same time. NUT and SHU
have a similar wood density, which is sig-
nificantly lower than that of CBO.

Profile equation parameters and 
comparisons

Tprofile  estimated  parameters  for  all
seven  profile  models  for  the  three  oak
species.  Tab.  S1  (Supplementary  material)
summarizes  parameter  estimations  of  all
fitted profile models for both DOB and DIB
of each oak species and the number of ob-
servations  for  each  model.  According  to
the  MAE  (lower),  RMSE  (lower),  and  FI
(higher – Tab. 3) along with graphical eval-
uation of residual plots (Fig. S1a-S1c in Sup-
plementary material), the CSS profile mod-
el  was  the  best  fitted  for  both  CBO  and
NUT; however, the third-order polynomial
model (POLY3) was the best fitted for SHU,
especially in terms of DIB. Specifically, the
FI, MAE, and RMSE for both DOB and DIB
of CBO were FIOB/IB = 0.987, MAEOB/IB = 0.025,
and RMSEOB/IB = 0.094 with the CSS model;
whereas for NUT with the CSS model, the
FI, MAE, and RMSE were estimated at FIOB

= 0.973, MAEOB = 0.033, and RMSEOB = 0.145
for DOB and at FIIB = 0.967, MAEIB = 0.033,
and RMSEIB = 0.150 for DIB, respectively. By
contrast,  the FI,  MAE, and RMSE for SHU
with the POLY3 model were estimated at
FIOB = 0.976, MAEOB = 0.041, and RMSEOB =
0.140 for  DOB,  and  FIIB =  0.968,  MAEIB =
0.064,  and RMSEIB =  0.152  for  DIB.  To be
noted, the MAE of CSS for both DOB and
DIB  profile  of  CBO  species  was  slightly
higher  than  the  MB  model  (MAEMB_OB =
0.023, MAEMB_IB = 0.015) while it was slightly
higher  than  the  CAO  model  (MAECAO_OB =
0.028) for DOB profile of NUT. In addition,
there was no difference in FI and RMSE for
SHU between the POLY3 and CSS models
for DOB. Yet, there was a slight difference
in FI and RMSE for the DIB profile of SHU
between the two models with FIIB = 0.966
and RMSEIB = 0.155 for the CSS model. Tab.
S1  (Supplementary  material)  summarizes
the  parameters  estimated  for  all  seven
models for both DOB and DIB profiles to-
gether with the total  number of observa-
tions  utilized  in  the  model  fitting;  Tab.  3
summarized all the statistics of model eval-
uation.

In addition, model performance was fur-
ther evaluated using average residual plots
for all  seven models of three oak species
(see Fig. S1-S3 in Supplementary material).
In these plots, the y-axis represents the av-
erage  residues  and  x-axis  represents  the
relative height,  h/TH.  By comparing seven
average  residual  curves  for  each  species,
we  found  that  the  best  fitted  model  for
both  CBO  and  NUT  was  the  CSS  model
while POLY3 is the best for SHU.

Finally,  graphical  profile  comparisons
were also made to visualize the difference
between  the  average  observed  and  pre-
dicted stem forms with 0.1 relative height
interval  (Fig.  2,  Fig.  3,  Fig.  4).  We  con-
structed the stem profile curves for  both
DOB and DIB for each species using its best
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Tab. 2 - Descriptive statistics of DBH and total tree height for CBO, SHU, and NUT. Dif-
ferent letters in each column indicate statistically different values  (p<0.05). (CBO):
cherry bark oak (Quercus pagoda Raf); (NUT): Nuttall oak (Quercus texana Buckley);
(SHU): Shumard oak (Quercus shumardii Buckl); (n): sample size; (SD) standard devia-
tion.

Oak species 
(n) Statistics

DBH
(cm)

Total Height
(m)

Wood density
(g cm-3)

CBO
(20)

Average 18.44a 17.75a 0.73a

Min 13.72 15.24 0.65

Max 23.11 19.81 0.86

SD 2.67 1.09 0.05

NUT
(20)

Average 16.51a 15.56b 0.68b

Min 11.68 12.19 0.49

Max 20.60 18.29 0.83

SD 2.59 1.48 0.07

SHU
(20)

Average 16.61a 13.58c 0.68b

Min 11.05 11.28 0.59

Max 26.67 16.46 0.77

SD 4.39 1.34 0.04
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Tab. 3 - Model evaluation statistics of MAE, EMSE, and FI of seven profile models for oak species of CBO, NUT, and SHU. (CBO):
cherry bark oak (Quercus pagoda Raf); (NUT): Nuttall oak (Quercus texana Buckley); (SHU): Shumard oak (Quercus shumardii Buckl);
(MB):  Max & Burkhart (1976); (CAO); Cao (2009); (CSS) Clark et al. (1991); (OCAO_F): optimized Cao (2009) modified MB to pass
through DBH and FC at FC height; (OCAO_R): optimized Cao (2009) modified MB to pass through DBH and FC at relative height;
(POLY3): 3rd-order polynomial joined at breast height to 5 th-order polynomial; (POLY2): 2nd-order polynomial joined at breast height
to 5th-order polynomial; (DIB): diameter-inside-bark; (DOB): diameter-inside-bark.

Model
Oak species 
Statistics

CBO NUT SHU

DOB DIB DOB DIB DOB DIB

MB RMSE 0.117 0.109 0.234 0.229 0.183 0.188

MAE 0.023 0.015 0.033 0.036 0.089 0.089

Index of Fit 0.979 0.979 0.930 0.925 0.958 0.951

CAO RMSE 0.135 0.122 0.224 0.244 0.196 0.028

MAE 0.071 0.056 0.028 0.117 0.140 0.254

Index of Fit 0.973 0.975 0.934 0.914 0.953 0.891

CSS RMSE 0.094 0.094 0.145 0.150 0.140 0.155

MAE 0.025 0.025 0.033 0.033 0.089 0.091

Index of Fit 0.987 0.987 0.973 0.967 0.976 0.966

OCAO_F RMSE 0.109 0.104 0.201 0.236 0.157 0.221

MAE 0.051 0.043 0.074 0.178 0.079 0.157

Index of Fit 0.982 0.981 0.947 0.920 0.970 0.932

OCAO_R RMSE 0.099 0.086 0.173 0.191 0.140 0.208

MAE 0.036 0.028 0.048 0.071 0.081 0.160

Index of Fit 0.985 0.986 0.958 0.945 0.974 0.934

POLY3 RMSE 0.102 0.104 0.191 0.229 0.140 0.152

MAE 0.041 0.030 0.036 0.074 0.041 0.064

Index of Fit 0.984 0.984 0.953 0.940 0.976 0.968

POLY2 RMSE 0.104 0.109 0.188 0.206 0.140 0.152

MAE 0.043 0.036 0.036 0.079 0.046 0.064

Index of Fit 0.984 0.982 0.953 0.939 0.976 0.967

Fig. 2 - DOB and DIB profiles for cherry
bark oak (CBO) using the best fitted

model of CSS (Clark et al. 1991).
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fitted profile equations  and the measure-
ment data. Those curves also demonstrat-
ed that there was a good fit between the
observed and predicted stem diameter val-
ues  along  the  stem,  which  in  turn  con-
firmed  that  those  profile  equations  were
able to accurately predict the stem profile.

Discussion
As explained by Avery & Burkhart (2002),

numerous factors could affect the perfor-
mance of profile equations, including spe-
cies, region, number of sample trees, data
collection  method  among  others.  Those
factors  were  all  carefully  considered  and

taken into account in the development of
oak profile equations in this  study.  As re-
ported by Saarinen et al. (2019), the sample
size of destructive stem analysis could af-
fect  parametrizing the stem profile  equa-
tions. A total sample of 60 oak trees, with
20 trees for each species, is considered to

184 iForest 15: 179-186

Fig. 3 - DOB and DIB profiles for Nuttall 
oak (NUT) using the best fitted model 
of CSS (Clark et al. 1991).

Fig. 4 - DOB and DIB profiles for Shu-
mard oak (SHU) using the best fitted 
model of POLY3 (3rd-order polynomial 
joined at breast height to 5th-order poly-
nomial).
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be  an  appropriate  sample  size  for  this
study given that all  oak trees were felled
on the same even-aged restoration planta-
tion site.  However,  since the  data  comes
from a single site, the effect of geographi-
cal variability is not addressed. Variables in-
cluding total  height, DBH, various heights
along the stem, and DOB and DIB at differ-
ent  heights were measured using the de-
structive sampling method. This procedure
provided  reliable  data  for  fitting  the  oak
profile  models.  Seven  different  profile
models were estimated and compared for
each  oak  species.  Multiple  indicators  in-
cluding  RMSE,  index  of  fit,  and  residual
plots  were  used  to  diagnose  the  fitted
models,  representing  a  statistically  sound
approach for model evaluation.

Our  results  show  that  the  best  fitted
model  was  CSS  for  both  CBO  and  NUT,
whereas it  was POLY3 for  SHU.  Although
no difference was found between CSS and
POLY3 for fitting the DOB profile of SHU,
for the DIB profile of SHU the FI of the CSS
model  was  slightly  lower  than  that  of
POLY3, while the RMSE of the CSS model
was slightly higher than that of POLY3. As
reported by Muhairwe et al. (1994), species
could  be  an  influencing  factor  for  stem
form variation. The MB model did not ex-
hibit  better  performance  than  CSS.  This
may  be  partly  because  the  MB  model  is
constrained by a lack of representation of
upper  stem diameter,  which is  evidenced
by an insufficient number of observations
in  the  upper  crown  area.  Moreover,  the
most important  advantage of  Clark  et  al.
(1991) is using extra upper diameter mea-
surement at 5.27 m which also contributed
to the model performance. Leites & Robin-
son (2004) reported that crown dimension
is another potential factor that contributes
to  the differences  of  stem profile.  There-
fore,  future  work  can  incorporate  crown
length  and  crown  ratio  into  the  profile
models. In addition, utilization of modern
regression techniques  such as  the mixed-
effects  modeling  approach  can  also  im-
prove the profile model performance. For
example,  Gómez-García et al. (2013) devel-
oped a mixed-effect variable exponent ta-
per equation for birch trees in northwest-
ern Spain which produced the best fitting
statistics.  The  profile  equations  that  ex-
press mathematical relationships between
tree height and diameter are essential for
quantifying  stem  volume  as  well  as  total
tree  biomass  and  carbon  content.  Based
on the profile equations, stem volume can
then be calculated (Von Gadow et al. 2001).
With  properly  estimated  allometric  rela-
tionships  between  the  volumes  of  stem
and  other  parts  of  the  tree,  total  tree
biomass  and  carbon  content  can  also  be
derived. Besides, the similarities and differ-
ences in DBH and total heights among the
three species can aid in selecting a proper
species  mix  to  achieve  different  manage-
ment objectives. For example, Cherry bark
oak is a better species choice than Nuttall
or Shumard oak if the management objec-

tive is  for  timber,  biomass,  or carbon be-
cause cherry bark oak grows taller and has
a higher wood density than Nuttall or Shu-
mard oak, although they have similar DBH
at the same age (Stein et al.  2003). How-
ever, because of their different heights, the
mix of the three species can create more
diverse stand structure and enhance biodi-
versity.  Thus,  our  results  provide  a  base-
station  for  guiding  the  restoration  and
management  of  bottomland  hardwood
plantation forests to achieve both timber
and non-timber objectives.

Conclusions
We  estimated  stem  profile  models  for

three red oak species (cherry bark, Nuttall,
and  Shumard  oaks)  with  data  collected
from  60  felled  trees  randomly  selected
from a plantation in the Arkansas Delta in
the southern United States. We found the
best  fitted  model  was  Clark  et  al.  (1991)
profile equation for cheery bark and Nuttall
oaks and the third-order polynomial model
for Shumard oak. Additionally, there is no
statistically  significant  difference  in  DBH
among the three oak species while cherry
bark oak is the tallest and has the highest
wood density of the three species. The fit-
ted profile equations in this study can be
implemented into inventory software such
as  TCruise (Matney 1996)  to improve the
stem volume estimates of young oak trees
in Arkansas Mississippi Delta. Given that an
increasing amount of hardwood timber is
supplied from second growth and planta-
tions, our findings will guide decision mak-
ing  in  red  oaks  restoration  and  manage-
ment and their  wood product  marketing.
Moreover, our estimated stem profile mod-
els and wood density can help quantify to-
tal  tree  biomass  and  associated  carbon
content. This,  however, will  entail  the de-
velopment  of  allometric  relationships  be-
tween the volumes or biomass quantities
of  stem and other  parts of  trees such as
branches, leaves, and roots. Future studies
on this site will determine if the stem pro-
files  change  over  time  as  this  plantation
matures.

A  few  caveats  of  this  study  should  be
noted. First, while the results of fitted pro-
file models provide a guideline for estimat-
ing the stem volume of oak species, we do
not include comparisons with oak volume
models given that the focus of this study
was to compare stem profiles among dif-
ferent oak species grown on the same site
instead of volume prediction. Second, the
data  were  collected  from  an  even-aged
plantation  and  could  not  symbolize  to
other  natural/planted  mixed  species  and
uneven-aged  bottomland  hardwood  for-
ests in this region, further study is needed
to assess the viability of widespread appli-
cation.
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