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Effective forest management is based on information, such as current growing stock and its future state, which is
provided by various forestry models, including tree volume models. Tree volume models are essential tools for
estimating growing stock, carbon accounting, timber valuation, identifying forest stands to harvest, growth and
yield modeling, and forest ecosystem analysis. We developed tree volume models for two important tree species
(Pinus roxberghii Sarg. and Cedrus deodara Roxb.) in Nepal using data from many individuals (mature trees and
juveniles) representing wide variations of tree volume allometry. We used diameter at breast height, total height,
and crown width of the individuals as predictors in tree volume models for Pinus roxberghii while only the former
two predictors in the models for Cedrus deodara. All the mathematical functions described more than 91% and
97% tree volume variations for Cedrus deodara and Pinus roxberghii, respectively. Models for Pinus roxberghii
revealed almost similar effect of crown width as tree height on tree volume allometry. Models for this species can
be applicable for predicting tree volume with and without bark; however, models for Cedrus deodara can only
predict the over-bark tree volume. Testing Pinus roxberghii model against external independent data confirmed a
high accuracy of the model. The proposed tree volume models for the species of interest are biologically plausible
and statistically robust, and therefore, can be applied to estimate the growing stock precisely, carbon accounting,
timber valuation, forest growth and yield modeling. However, users need to apply the model with caution for the
forest conditions not covered by modeling data for Cedrus deodara. The prediction accuracy of the models can be
further improved through recalibration with additional data collected from wider distributions of the species of
interest across the Karnali province and beyond, and application of more robust modeling methods, such as
mixed-effects modeling and machine leaning.

1. Introduction et al., 2019). The estimates obtained by tree volume models are aggre-

gated at the sample plot level, and the plot-level estimates are averaged

Based on the international agreements on the global warming,
biodiversity, and sustainable forest management, each country needs to
continually report the condition of the growing stocks to the United
Nations Framework Convention on Climate Change (UNFCCC)
(Cysneiros et al., 2020; McRoberts et al., 2012). Forest inventories of
different scales, such as regional or national forest inventories and
growing stocks estimation are significant for this. Growing stocks are
estimated using the tree-based volume prediction models (Gschwantner

* Corresponding author.

over the plots to produce forest-area estimates, often expressed on a per-
unit area basis (McRoberts and Westfall, 2016). Estimate of the growing
stock expressed in the form of standing tree volume has been becoming a
global interest, especially in the context of the carbon accounting system
(Lindner and Karjalainen, 2007; MacFarlane, 2011). The developed tree
volume models are fundamental basis for estimating tree biomass and
carbon amount with use of wood density and various conversion factors
and ratios (IPCC, 2006). Thus, the precise estimates of tree volume are
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considered important to estimate forest biomass and carbon amount
precisely, timber valuation, identifying forests for harvesting, forest
growth and yield modeling, forest management, silvicultural research,
and forest ecosystem analysis (Clutter et al., 1983; Gschwantner et al.,
2019; Kershaw et al., 2017; Kim and Lee, 2016; Mauya et al., 2014;
Thangjam et al., 2019). However, direct measurement of tree volume in
the field is largely tedious and impractical for the extensive area, as this
is a hugely time-consuming, costly, and error-prone approach (Kershaw
et al., 2017). Thus, development of the tree-based volume model, which
is expressed as a function of some predictor variables, such as tree
diameter, height, tree form, and other factors, is used as the best means
to predict tree volume of the species of interest. Modeling tree volume
represents an acceptably accurate, easy, cheap, and versatile approach
(Weiskittel et al., 2011). Data for developing tree volume models usually
comes from the destructive sampling and measurements. However,
because of data acquisition difficulty (Gimenez et al., 2017) and strict
legal restriction imposed to live tree felling, tree volume modeling is rare
elsewhere in the world (Cysneiros et al., 2020). Despite this, consider-
able works on modeling tree volume have already been carried out
(Domke et al., 2013; Gschwantner et al., 2019; Kachamba and Eid, 2016;
Kershaw et al., 2017; Kim and Lee, 2016; Ko et al., 2019; Lee et al., 2017;
Mauya et al., 2014; Planck et al., 2014).

Tree volume is largely affected mainly by tree- and stand-level
characteristics, such as tree forms and crown architecture (Forrester
et al., 2021; Sticha et al., 2019), stand density or competition, and
external factors, such as site quality (Sticha et al., 2019) and environ-
mental factors. Thus, tree volume can be precisely predicted only when
the robust modeling method is employed, and all the tree volume
influencing factors are included as predictors in the models (Wirth et al.,
2004).

Diversified tree species exist in Nepal, covering about 46% of the
country (DFRS, 2015; Tiwari et al., 2020). However, only limited studies
involving the development of tree volume models are available in Nepal
(Baral et al., 2021; Mandal et al., 2020; Sharma and Pukkala, 1990;
Shrestha et al., 2018b; Silwal et al., 2018; Subedi, 2018; Thapa et al.,
2012; Ulak et al., 2022) and most of these are based on data collected
from easily accessible forests, such as low land tropical and sub-tropical
species, which are not representative to the forest and trees species in
other regions, such as remote parts of the country. Except for tree vol-
ume models developed by Thapa et al. (2012) and Sharma and Pukkala
(1990), none of the tree volume models is available for Pinus roxberghii
and Cedrus deodara in Nepal. The existing models are based on the non-
robust modeling approach and poor-quality data; and therefore their
prediction accuracies could not be satisfactory. Some severe issues have
been raised on the tree volume models developed by Sharma and Puk-
kala (1990), such as tree volume was estimated on the measurements of
standing trees without destructive sampling. For high accuracy, mea-
surements of destructively sampled trees must be used for volume
modeling, which may not be possible in general (Cysneiros et al., 2020;
Gimenez et al., 2017). Furthermore, tree models developed by Sharma
and Pukkala (1990) do not represent data below 12 cm diameter at
breast height (DBH), and the range of which (juvenile stage of forest) is
considered very important from the perspective of carbon accounting
(Chapagain and Sharma, 2021; Hogg et al., 2021). This is the reason that
all the tree volume models developed by Sharma and Pukkala (1990)
cannot meet the standard of the UNFCCC reporting requirements and
are not appropriate for claiming the emission reduction credits for
REDD + results-based payment (Baral et al., 2021).

The government of Nepal has handed over one-third of the total
forest area to the thousands of forest user groups under the community
forestry program, which is considered one of the highly successful forest
management approaches as a result of largely increased forest area and
improved livelihood (DFRS, 2015; Tiwari et al., 2020). However, tech-
nical aspect of this approach is extremely poor, as no priority is set in the
national policy system for scientific studies, such as forest modeling in
the context of climate warming. Tree volume estimation is being
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practiced in Nepal by assuming the form factor of 0.5, which may lead to
large biases in the estimated tree volume and biomass, as form factor
significantly varies with tree species and tree size, even for the same
species and sizes from region to region within the country (Baral et al.,
2021; Chapagain et al., 2014). The quarter girth formula recommended
by Forest Acts, Nepal is practiced for tree volume estimation, as this has
been declined to use elsewhere in other parts of the world because of an
increased globalized market of timbers and woods and needs some
standard methods of estimating tree volume and biomass (Kershaw
et al.,, 2017). As pointed out earlier, existing tree volume models are
based on the data collected from easily accessible forests, and therefore
it is necessary to develop tree volume models based on data collected
from geographically remote forests, such as the Karnali Province. In
addition, all the existing tree volumes models in the country are based
either on a single predictor variable (DBH) or two predictor variables
(DBH and height). As other tree factors, such as crown dimensions and
form factors could largely affect the tree volume allometry (Chapagain
and Sharma, 2021; Baral et al., 2021), inclusion of such factors in the
models may improve their accuracy.

This study intends to develop the tree volume models for two
important tree species: Pinus roxberghii and Cedrus deodara in two
remote districts (Jumla and Salyan) of the Karnali Province, the richest
Province of natural resources among seven Provinces of the country.
Biophysical and economic contributions of these species are substantial
to the country (Jackson, 1994). Developing tree volume models for these
species can offer the tools for informed decision-making in forestry in
the province. The objective of this study was to develop the best-fit tree
volume models using DBH, height and crown width as predictor vari-
ables for Pinus roxberghii and former two predictors for Cedrus deodara.
Data from destructive sampling (former species) and non-destructive
sampling (latter species) were used for the purpose. We hypothesized
that crown dimension used as a covariate predictor would contribute
significantly to the model. The proposed models are biologically plau-
sible and statistically robust and can be applied for the precise estima-
tion of growing stock, carbon accounting, timber valuation, forest
growth and yield modeling of the species of interest.

2. Materials and methods
2.1. Study area

This study was carried out in the monospecific natural forests of
Pinus roxberghii and Cedrus deodara in two remote districts of Nepal
(Salyan and Jumla) in the Karnali Province (Fig. 1). Pinus roxberghii
forest is located between 1200 and 1400 m from asl in the southern
aspect of Bagchaur municipality of Salyan district. The mean annual
maximum and mean annual minimum temperature is 25.5° C and 13.4°
C, respectively, and the mean total annual precipitation is 1162.9 mm
(DHM, 2017). Cedrus deodara forest is located in the elevation between
2200 m and 2800 m of Tatopani and Tila rural municipalities of Jumla
district. The mean annual maximum and mean annual minimum tem-
perature is 13° C and 1.3° C, respectively, and the mean total annual
precipitation is 861.4 mm (DHM, 2017). Both forest types represent
wide variations of site quality, stand density, age structures, and stand
development stages. Considering the unique characteristics of the forests
of the species of interest (remotely located, diversified tree growth
conditions, etc.), these sites were selected.

2.2. Sampling and measurement

We collected data using both the destructive and non-destructive
samplings with the former method applied to Pinus roxberghii and ju-
venile cedrus deodara, and the latter method to mature Cedrus deodara
only. Descriptions of sampling and measurement are pesented below.

Pinus roxberghii: a total of 110 mature trees (well-established in-
dividuals with DBH > 10 cm) and 40 juveniles (DBH < 10 cm) were
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Fig. 2. Relationship between under bark diameter (DUB) and over bark
diameter (DOB) of Pinus roxberghii.

selected for felling and measurement from March through June 2022.
We selected sample trees based on subjective criteria (convenience
sampling), such as the representativeness of all the size classes and tree
quality classes in the tree population of interest. Only healthy, undam-
aged, and live trees were selected for felling. For mature trees, diameters
at 0.3 m, 0.8 m, and 1.3 m (DBH over bark) from the base of the tree
were measured. Total tree height, crown length, and crown width were
also measured before felling. In order to make cylindrical shape of the
stem section considered, this should be as short as possible (Kershaw
et al., 2017). Crown width was measured in two perpendicular di-
rections from the location of each tree (N-S and E-W), and an average of
two values was considered a real crown width value. Sample trees were
felled and divided into a number of sections, and measured the di-
ameters at 1.5 m intervals along the stem up to the clear tip. The number
of measurements along the stem varied up to 25 depending on length of
stem up to 10 cm of the top diameter for mature trees and 5 cm for ju-
veniles. The stem ending (near to the tip) below 0.75 m interval from the
consecutive point was disregarded, while above 0.75 m was considered
as a 1.5 m interval.

Cedrus deodara: a total of 161 mature trees and 36 juveniles
(considered the exact definition as in Pinus roxberghii) were identified for
measurement. We measured DBH (over bark) and total height for both
mature and juvenile individuals. Destructive sampling was not consid-
ered for Cedrus deodara mature trees because of resource constraints.
Instead, we used the Dendrometer Criterion RD 1000 (Lasertech 2019),
which measures the upper diameter more accurately than any other
conventional instrument, to measure the upper diameters above the
breast height (1.3 m) along the stem (Biazatti et al. 2020). The number
of measurements varied up to 31 depending on length of stem up to 10
cm of the top diameter for mature trees and 5 cm for juveniles. We
measured the cross-section diameter from four different directions (N-E-
S-W) and considered the average value as true diameter at the mea-
surement point. Diameters at 0.3 m, 0.8 m, and 1.3 m from the base of
the tree were measured using Diameter tape. For juveniles to be felled,
we measured the diameter at stem cross-section (over bark) at an in-
terval of 1 m starting from 0.3 m from the base. After felling, diameters
at stem cross-section were measured at an interval of 1 m from DBH up
to 5 cm of the top diameter. The section of stem ending (near to the tip)
at lower than 0.5 m lengths from the consecutive point of the stem was
disregarded, while longer than 0.5 m section from the consecutive point
of the stem was considered as 1 m interval.
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2.3. Predicting under-bark diameter

We measured both the under-bark and over-bark diameters for most
of the mature sample Pinus roxberghii trees, but not the under-bark di-
ameters for all the juveniles of this species. Under bark, diameters were
not measured for both the trees and juveniles Cedrus deodara. There
were still a total of 112 bark observations missing for some mature Pinus
roxberghii trees, and all the under bark diameter observations were
missing for juveniles. All the missing under-bark diameters (DUBi) were
predicted using a linear regression model developed with the expression
of under-bark diameter as a function of over-bark diameter (DOBIi), as
they were strongly linearly correlated with each other (Fig. 2).

Mathematically, Eq. (1) represents such a linear regression.

DUB; = b; +b,DOB; +¢; (D)

where bl and b2 are parameters to be estimated and ¢; is error term,
which is assumed to have normal distribution with mean zero and
variance one. The estimated values of b; and b, are —2.59744 and
0.988635, respectively, and the coefficient of determination (Rz) of this
model is 0.9929.

2.4. Computing tree volume

The total volume of stem for each sample tree was calculated using
the following expression (Eq. 2):

(d1i+d2i +dsi +d4.+~~+dm,1+dm)2
i 1

” 1; (2)

Vi=T 4

where v; is tree volume for tree i, d1i, d2i, ...... dni is diameter mea-
surements at n number of points along the stem, |; is total length of stem
measured at 0.3 m above ground to the top, and it was obtained by
summing up of the length of all the sections assumed in stem profiling;
and =is constant, whose value is 3.1416. The relationships between tree
volume determined by Eq. (2) and diameter at breast height (over bark),
total height, and crown width are shown in Fig. 3, and all the measured
variables and estimated variables, including tree form factors, are
summarized in Table 1.

2.5. Model validation data

The validation data set was acquired from the geographically distant
location (Palpa district of Lumbini Province (Fig. 1 d), as such data set
was not available in the Karnali province. This data set was collected by
the government forest office from recently felled trees according to
yearly felling plan. Three Pinus roxbeghii dominated natural stands
managed by local community as community forest (CF), and they are
Rampokhari CF, Pakhure CF and Nayadevi CF. The elevation of forests
ranges from 960 m to 1606 m from asl. The mean annual maximum and
mean annual minimum temperatures of the area are 26.1° C, and 14.8°
C, respectively, and mean total annual rainfall is 1680.5 mm (DHM,
2017). Other tree species associated with Pinus roxberghii are Schima
wallichii, Shorea robusta, Rhodendron species and Castanopsis species. The
forests cover a wide range of tree size and allometry, stand density, stand
age, site quality, and crown architectures. To account for different stand
developmental stages, a stratified random sampling was applied to lay
out 31 sample plots of 400 m? (20 m x 20 m). DBH of all the trees greater
than 5 cm of DBH in the sample plot were recorded, and then 1 to 4 trees
(healthy and undamaged tree with different size characteristics) per
sample plot were selected for harvesting. We obtained data from 80 trees
that were felled. Before felling, diameters along the stem were measured
at 0.3 m, 0.8 m, 1.3 m above ground. After felling, diameters were
measured at every 1.5 m along its length above 1.3 m above ground.
Diameters were measured immediately above the branches or other ir-
regularities that were present at the specified point of measurements.
Felling and measurements were carried out on March through June
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Fig. 3. Tree volume plotted against diameter at breast height (over bark) and total height. Left panel is for Pinus roxberghii and right panel for Cedrus deodara. Bark 0:

tree volume without bark; bark 1:tree volume with bark.

2022. The average stand density and mean DBH of forests were 525 trees
ha™! and 19.94 cm, respectively. Summary statistics of the measured
tree variables in the validation data are presented in Table 2. Total over-
bark tree volume of each harvested tree was obtained from the sum of
stem section volumes. Stem section volumes were estimated using the
prismoidal formula (Newton formula), which would provide the most
accurate volume of any frustum shape (Kershaw et al., 2017).

2.6. Model development

We started modeling works with examination of graphic patterns of
the tree volume plotted against DBH (Fig. 3) and chose those mathe-
matical functions which could describe such patterns adequately. As

DBH exhibited the strongest nonlinear relationships with tree volume
(Fig. 3) and described most part of the tree volume variations of the
species of interest, we used this as a main predictor. We chose only the
versatile nonlinear functions including power and exponential functions
(Table 3), to fit data. For Pinus roxberghii, a dummy variable modeling
approach was applied to differentiate the tree volume variations caused
by bark thickness. This allows a single model applicable to estiamtion of
both the over-bark and under-bark volumes. We examined the stan-
dardized residuals of the models to know whether there existed the
heteroscadesticity problems. However, we did not find a serious prob-
lem that could cause bias. This gave the impression that application of
any variance stabilizing methods (e.g., weighted regression, variables
transformation, etc.) was not necessary while estimating models.
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Table 1
Summary statistics of tree variables of model fitting data. A number of observations used in the analysis is 1570 for Pinus roxberghii and 2024 for Cedrus deodara.
Species Tree variables Mean Standard deviation Minimum Maximum
Pinus roxberghii DBH (over bark), cm 40.55 24.75 2.0 96.0
DBH (under bark), cm 37.51 24.29 0.2 89.1
Height, m 18.78 9.46 23 36.6
Crown width, m 7.91 5.1 0.2 16.2
Crown length, m 6.95 3.71 0.4 15.2
Diameter over bark (DOB), cm 30.81 21.05 0.9 100.0
Diameter under bark (DUB), cm 27.78 20.94 0.1 96.4
Over bark tree volume, m3 2.45 2.81 0.0009 11.1
Under bark tree volume, m3 2.13 2.49 0.0002 9.56
Form factor (over bark) 0.60 0.09 0.41 0.97
Form factor (under bark) 0.55 0.12 0.13 0.98
Cedrus DBH (over bark), cm 57.86 30.41 0.9 124.9
deodara Height, m 18.82 6.74 1.8 31.3
Diameter over bark (DOB), cm 44.06 27.47 0.8 136.4
Over bark tree volume, m3 3.28 3.11 0.0002 16.71
Form factor (over bark) 0.60 0.13 0.38 0.98
2.7. Model estimation and evaluation
Table 2

Summary statistics of the destructively sample tree data used for model vali-
dation. DBH: diameter at breast height; N: number of sample trees.

DBH class (cm) N DBH (cm) Total height (m)

Mean + Standard deviation (Minimum, Maximum)

0-10 10 7.30 + 1.48 (5.60, 9.50) 4.19 + 0.87 (3.10, 5.30)
10-20 14 16.08 + 2.60 (11.90,19.40) 9.66 + 3.00 (4.20, 14.60)
20-30 8 24.78 + 2.73 (20.50,28.20) 16.39 + 3.40 (10.90, 19.80)
30-40 17 36.38 + 2.17 (31.80,39.50) 19.24 + 2.61 (12.50, 23.20)
40-50 22 44.63 + 2.87 (40.10,49.60) 22.60 +2.42(17.30, 27.10)
50-60 5 51.80 + 0.64 (50.80,52.50) 24.16 + 2.97 (20.70, 27.10)
60-70 2 68.75 + 0.49 (68.40,69.10) 31.70 +£1.13(30.90, 32.50)
70-80 2 75.35 + 5.44 (71.50,79.20) 31.05 + 0.92 (30.40, 31.70)
Overall 80 33.05 + 16.94 (5.6, 79.2) 17.24 +7.74 (3.10, 32.5)
Table 3
Mathematical functions considered to fit data.
Designation Function form Reference
M1 Vi = leBH:’2 +g (Huxley and Teissier, 1936)
M2 DBH;? (Hosoda and Iehara, 2010)
" 7 by +bDBH,
M3 Vi = byexp(—bz/DBH;) + &; (Schumacher, 1939)
M4 vi =b; exp(—bz/DBH?‘5) +g After (Schumacher, 1939)

Note: v; over bark or under bark tree volume of Pinus roxberghii tree i
or Cedrus deodara tree i, DBH; is the diameter at breast height (over
bark), by, by are parameters to be estimated, and ¢; is error term, which is
assumed to have normal distribution with mean zero and variance one.

An asymptotic parameter b; of each function in Table 2 was
expressed as a function of additional variables, such as height for Cedrus
deodara (Eq. 3) and height, crown width, and dummy variable (named
bark) for Pinus roxberghii (Eq. 4).

b, = p,HP 3
by = B,HP +B,CW; + B,bark; @

where H; and CW; are the total height and crown width of tree i,
respectively; by, B1, B2,----.- , B4 are parameters to be estimated. Here,
bark is a dummy variable, which takes 1 for over-bark tree volume
estimation and O for under-bark tree volume estimation for Pinus rox-
berghii. Dummy variable accounts for variations caused by bark thick-
ness, which varies from stem base along up to the top.

We estimated models using the PROC MODEL in SAS (SAS Institute
Inc., 2016) through the application of the Marquardt’s method (Mar-
quardt, 1963). We used five statistical indices: root mean square error
(RMSE) (Eq. 5) adjusted coefficient of determination (Rzadj) (Eq. 6),
Mean residuals (MR) or mean prediction error (MPE) (Eq. 7), precition
bias (Eq. 8), and Akaike information critrrion (AIC) (Eq. 9) to evaluate
the fitting/ prediction performance of models. The first index analyzes
the precision of estimation and second index reflects total variability
described by model by considering a total number of parameters to be
estimated, third and fourth index provide the mean residuals or mean
prediction errors, and fifth index is based on minimizing the Kull-back-
Lieber distance, which imposes a penalty for number of parameters
included into the model. All these indices are expressed as below
(Akaike, 1972; Burnham and Anderson, 2002; Montgomery et al.,
2012). The third and fourth indices (Eq. 7, 8) are specifically used for
evaluation of models using validation data.

(v; = ¥:)°
RMSE = 5)
n—p
s (=R S ()
Ry =1- P with R* = N ()
MPE — Z?:I(Zi' - "\i) @
Bias% = Mi E x 100 (€)]
AIC =f(f)+2p (©)]

where n is total observations; v; and ¥; are observed and predicted tree
volumes; v, is the average value of the observed volume;i=1, 2,...,n;p is
the number of parameters of the model; f ($) is negative of the marginal
log-likelihood function; and f is vector of parameters.

In addition to these indices (Eq. 5-9), residual graphs and the volume
curves produced with each model were also examined, which would
help readers to understand whether models would be featured with the
theoretical basis and biological logic (Zeide, 1993). Unless otherwise
specified, we used 1% level of significance in our analyses. Validation of
the models is one of the important procedures of modelling, as this
provides more credibility and confidence about models. We only vali-
dated our model for Pinus roxberghii, but not for Cedrus deodara due to a
lack of funding to collect new data. We did not validate our models
through data splitting, because this does not make much sense, as both
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Table 4
Parameter estimates and their p-values, and fit statistics of four models fitted to data. RMSE: root mean square errors (Eq. 5); dej: adjeusted coefficient of deter-
mination (Eq. 6); MPE: mean residuals or mean prediction errors (Eq. 7); AIC: Akaike information criterion (Eq. 9). All other symbols are as defined in the text.

Species Model  Parameter estimates and p-values Fit statistics
B B2 Bs Ba b, RMSE  MPE RZ, AIC
Pinus M1 0.000149 0.094438 0.0000052 —0.00001 2.352784 0.4400 0.1868 0.9735 5151
roxberghii (<0.0001) (<0.0001) (<0.0001) (<0.0001) (<0.0001)
M2 1527.747 —0.03878 —17.074 25.07225 —4.07096 0.4625  0.2007  0.9707  —4929
(<0.0001) (<0.0001) (<0.0001) (<0.0001) (<0.0001)
M3 24.61692 0.177075 0.715493 —0.54242 151.6793 0.4291 0.1773 0.9748  -5311
(<0.0001) (<0.0001) (<0.0001) (<0.0001) (<0.0001)
M4 294.1312 0.129357 8.799858 —9.72802 37.99285 0.4183 0.1711 0.9760 —-5419
(<0.0001) (<0.0001) (<0.0001) (<0.0001) (<0.0001)
Cedrus M1 0.000134 0.58296 1.984319 0.7731  0.5977 0.9302 -1028
deodara (<0.0001) (<0.0001) (<0.0001)
M2 100.7562 —0.39724 —0.1533 0.8435 0.7115 0.9170 —999
(<0.0001) (<0.0001) (<0.0001)
M3 7.250459 0.527001 158.4013 0.8088  0.6541  0.9237  —847
(<0.0001) (<0.0001) (<0.0001)
M4 49.4599 0.545719 35.62194 0.7786  0.6062 0.9292 —677
(<0.0001) (<0.0001) (<0.0001)
2
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Fig. 4. Each model’s mean residuals were calculated by DBH class and height class with 5 cm and 1 m intervals, respectively. Left panel for Pinus roxberghii and right
panel for Cedrus deodara, DBH: diameter at breast height (over bark).

fitting and validation data sets do have similar statistical characteristics Nepalese and Indian contexts (Chaturvedi and Khanna, 2011; Sharma
(Chapagain and Sharma, 2021; Hirsch, 1991; Kozak and Kozak, 2003; and Pukkala, 1990). As potential growth conditions for the species of
Yang et al., 2004; Zhang, 1997). Only validating model with external interest are more or less similar in both countries, it could reasonable to
independent data can be the best alternative (Crecente-Campo et al., compare tree models originating from these countries (Baral et al.,
2010; Sharma et al., 2011). 2021).

We compared our tree volume models against those developed in
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Fig. 5. Data overlaid on the straight line (1:1 line, dotted line) and regression line (black line) produced from the predicted tree volume regressed against the
measured tree volume. The left panel (column) is for Pinus roxberghii, and the right panel (column) is for Cedrus deodara.
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Fig. 6a. Model curves overlaid on the measured tree volume data for Pinus roxberghii. Mean values of the data were used for covariate predictor of the model, except
the variable of interest in the figure that was allowed to vary from about minimum to maximum values in the measured data. Acronym cw stands for tree crown width
(m) and ht for total tree height (m) of Pinus roxberghii, and DBH stands for diameter at breast height (over bark).
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Fig. 6b. Model curves overlaid on the measured tree volume data for Cedrus deodara. With the variation of predictor variable ht of tree from about minimum to

maximum values in the measured data, tree volume significantly varied.
3. Results

All the parameter estimates of each model for both species were
highly significant (p < 0.0001), and all the models were able to describe
the tree volume variations by 97% for Pinus roxberghii and 91% — 93%
for Cedrus deodara (Table 4). Stastitical indices showed that models
better fitted to Pinus roxberghii data than Cedrus deodara data, as one
more predictor is present in the models of the fomer species. Among four
functions fitted to data, M4 for Pinus roxberghii and M1 for Cedrus deo-
dara described the largest portion of the tree volume variations. The
smallest AIC and smallest MPE were provided by M4 and M1 for Pinus
roxberghii and Cedrus deodara, respectively.

We produced the mean residuals for each model (Fig. 4). Compared

to other models, M3 and M4 for Pinus roxberghii and M1 and M4 for
Cedrus deodara showed smaller residual variations within a range of the
majority of observations (30-65 cm DBH and 15-30 m for Pinus rox-
berghii, and 40-100 cm DBH and 15-30 m for Cedrus deodara. The raw
residuals also followed the normal distributions.

From a closer look at the residual variations (Fig. 4), M1, M3, and M4
for Pinus roxberghii and M1 and M4 for Cedrus deodara were considered
for further analyses, such as analysis of graphs of the model-estimated
volume and measured volume (Fig. 5). Model passing through data
clouds and regression line closer to the 1:1 line could be considered as a
better performing model. It seems that M1, M3, and M4 for Pinus rox-
berghii and M1 and M4 for Cedrus deodara appeared closer to each other,
and therefore it needed further analysis, which was an examination of
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Fig. 7. Test results of tree volume model (M1) against independent data of Pinus roxberghii. The prediction errors of M1 applied to test data for which mean rediction
error shown as a red line was calculated by DBH class with 5 cm interval (left). Model curves overlay on test data (right), DBH: diameter at breast height and CW:
crown width. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

the model curves overlaid on the measured volume data.

We examined the tree volume curves produced with each model and
overlaid them on the measured tree volume data (Annex-1). M1 for Pinus
roxberghii and M4 for Cedrus deodara appeared biologically more plau-
sible than other competing models including M3, which shows more
appealing appearance in Fig. 5. For the brevity of space, we have only
presented the model with the most appropriate volume curves (Fig. 6a
(Pinus roxberghii), Fig. 6b (Cedrus deodara)). These figures show mag-
nitudes of the effects of height and crown width on the variations of tree
volume allometry.

Model (M1) described the independent external data adequately well
(MPE =0.1177; Bias = 9.15%; R%= 0.90746) without serious systematic
trends in the errors within a range of the majority of test data (Fig. 7).

4. Discussion

Tree volume models are fundamental tools for estimating timber
volume, growing stock, forest biomass, and carbon assessment. There-
fore, accurate estimate of tree volume is necessary, which is possible
only with the tree volume models developed using comprehensive data
set and robust modeling approach (Chapagain and Sharma, 2021). We
developed the tree volume models for individual trees growing in the
natural forests of Pinus roxberghii and Cedrus deodara in Salyan and
Jumla Districts- remotely located districts of Nepal, respectively (Fig. 1).
Our data sets represent a wide range of mature tree and juvenile sizes,
covering all the potential variabilities of the variables of interest
(Table 1 and 2, Fig. 3), which is the main basis for developing robust
models. Chosen candidate functions (Table 3), which are flexible enough
to describe a wide range of the variations of a response variable of in-
terest (tree volume, in our case), have frequently been used by many
other modelers to develop forest models (Hosoda and Iehara, 2010;
Huxley and Teissier, 1936; Schumacher, 1939; Sharma et al., 2016;
Shrestha et al., 2018a). A decision to use the correct form of candidate
functions to fit data is the most important step in developing robust
model, which should be in accordance with data patterns. Nonlinear
functions effectively described data patterns (Fig. 3) effectively without
serious residual trends (Fig. 4).

Models describe most of the variations of tree volume allometry
(Table 3), confirming that selected functions (Table 2) are suitable to our
data and flexible enough to cover all the variations of tree volume
allometry. Compared to models for Cedrus deodara, Pinus roxberghii
models show better fit statistics (Table 4) and more appealing graphical
appearance (Fig. 5, 6). It may be due to fewer observations and their
narrower variations of tree volumes for Pinus roxberghii (Fig. 3). When
there would be low variations covered by data (highly concerntrated
data distribution), models could show better fit statistics (Shrestha et al.,
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2018a). Non-existence of systematic trends in the residuals (Fig. 4)
confirms the model’s adequacy and precision. A clear differentiation of
the curves produced with final model within a range of the measured
data, even for the same DBH, is due to the significant effects of other
covariate predictors (Fig. 6). Because of different heights and crown
dimensions of the sampled trees used in modeling, predicted volumes
are expected to be significantly different, even for the same DBH as
shown in Fig. 6. This figure shows there is an dequate coverage of the
model curves to the varations of measured volumes of mature trees and
juvenile individuals. This suggests that our developed models are bio-
logically plausible, theoretically robust, and statistically flexible.
Smaller residual variations for smaller individuals (Fig. 4) suggest that
our models can be more accurate for small trees and juveniles than
larger trees. This may be due to fewer observations from larger trees
used in model fitting compared to smaller individuals.

The modelers prefer using DBH as a single predictor in the tree
volume models to make resulting models simpler, as this could often
describe most of the variations in tree volumes. For example, our models
fitted with DBH only described 89-90% variations in the volumes for
Pinus roxberghii and 87-88% for Cedrus deodara. Similarly, models with
both DBH and tree height described 94-95% variations for the former
species and 92-93% for the latter species. The models with DBH as a
single predictor would have a limited application, as they could provide
biased prediction in the situation where trees of similar DBH may have
significantly different heights. This commonly exists in any forest stand,
even if a stand is too small. Thus, adding tree height as a covariate
predictor could significantly improve the model’s precision, but not so
much (partial-R2 is about 5%) as DBH and tree height are related with
each other (Lee et al., 2017). Inclusion of other tree factors, such as HDR
(a measure of tree slenderness) and crown dimension (a measure of tree
vigor and health) into the tree volume models, may increase the accu-
racy, and accordingly models would have a wider scope of application.
Considering this, we added total height as a covariate to the Cedrus
deodara models and tree height and crown width as covariates to the
Pinus roxberghii models, and due to this, fitting improvement signifi-
cantly improved, confirming an existence of significant influence of
crown width and tree height on the variations of tree volume allometry
(Fig. 6).

Our model exhibits the increased volume with increasing total height
and crown width (Fig. 6), which is biologically plausible. It seems that
there is a more pronounced effect of crown than height on the variations
of tree volume allometry for Pinus roxberghii despite its lower contri-
bution to the model (its partial-R2 is smaller than height). Tree crown
significantly affects tree biomass, form factor, and tree volume (Baral
et al., 2021; Bishowkarma et al., 2019; Chapagain and Sharma, 2021). A
tree crown is a mass of foliage characterized by crown length, crown
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Fig. 8. Volume models developed in the current study (volset = 2, M1) and volume models developed in the previous studies (volset = 3). Dots (volset = 1) are
measured tree volume data in the current study. Pinus roxberghii tree volume model by Sharma and Pukkala (1990) and Cedrus deodara tree volume model by
Chaturbedi and Khanna (2011) were used for comparison. The comparison involves using average tree volume (over bark) with mean height and mean crown width
values to generate mean volume curves. DBH is over bark diameter at breast height.

width, crown density, leaf area, and crown ratio. Tree crown is a major
site for food production from where food is transported to other parts of
a tree. Therefore, tree volume and tree biomass are strongly correlated
to tree crown (Bishowkarma et al., 2019; Sharma et al., 2018). Tree
crowns play important roles in regulating energy, nutrients, water, and
therefore they are reflective of general tree health and vigor, such as
large and dense crowns are associated with vigorous growth, while trees
with small and sparse crowns may have little or restricted growth
(Assmann, 1970; Buckley et al., 2013; Sharma et al., 2018; Zarnoch
et al., 2004).

Model validation confirms the certainty and confidence of our vol-
ume model for Pinus roxberghii (Fig. 7). However, lack of independent
data on Cedrus deodara compelled us not to consider model validation
for this species. Validating models through data splitting, which we did
not do either, is not a robust idea, as both the fitting and validation data
sets would have similar statistical characteristics (Chapagain and
Sharma, 2021; Hirsch, 1991; Kozak and Kozak, 2003; Yang et al., 2004;
Zhang, 1997). Because both data sets come from the same tree popu-
lation and the same sampling strategies employed. To make the
modeling methods statistically more robust, modelers should use a full
data set to estimate model parameters,which helps produce more stable
parameter estimates and smaller standard errors.

In contrast to this, when validation is done by splitting the data set
into 1/3, 1/2,1/4 sets or k-folds (k = 5, 10, 15, 20....n), fitting data set
would be significantly smaller than a full data set, and validation errors
for the model built on such a smaller data set tends to over-estimate the
unknown errors (Chapagain and Sharma, 2021; Hirsch, 1991; Kozak and
Kozak, 2003; Yang et al., 2004; Zhang, 1997). Thus, the best alternative
is to validate models using the external independent data set (Crecente-
Campo et al., 2010; Sharma et al., 2019; Sharma et al., 2011).

As modeling approaches employed in the different forest modeling
studies are largely different, the number of predictor variables used in
the models are also different, amount of data or the number of obser-
vations used in modeling are different, and so on, comparing previously
developed forestry models against our models would not be the best
approach. However, it might be of interest to the readers if compared
our models against the previously developed ones. A comparision of our
Pinus roxberghii model against the model developed by Sharma and
Pukkala (1990), which is based on diameter measurements without
destructive sampling, cannot confirm the accuracy their model (Fig. 8).
Similarly, a comparison of our Cedrus deodara model against the model
developed in the Indian condition (Chaturvedi and Khanna, 2011) does
not show close relationships of tree volumes from both countries. Other
studies (e.g., Baral et al., 2021) have also provided some useful infor-
mation from the comparisions of the tree volumes models from both

11

countries. There are sytematic underestimation problems of the models
developed by Chaturvedi and Khanna, 2011; Sharma and Pukkala,
1990) when they were applied to our data. This analysis also confirms
the necessity of developing new species-specific tree volume models
based on data sets covering the local geographical setting (or local
forests).

Tree volume is significantly affected by other factors not included in
our models, such as environmental factors (site quality, topography,
climate) and stand factors (stand development stage, stand structure,
competition stress), their inclusion into the tree volume models may
increase both the model accuracy and scope of application even though
the model becomes more complex. Altrantively, mixed-efefcts modeling
can be applied to account for the variabilities caused by these factors,
which increases the model acuarcy (Pinheiro and Bates, 2000). Even
though our models have robust biological logics (Fig. 6,7) and statistical
stability (smaller standard errors, Table 3), it is necessary to validate the
model of Cedrus deodara. However, it may not be a problem to apply
volume model for Pinus roxberghii elsewhere across the country, as this
model has adequately described the data acquired beyond the Karnali
province (Fig. 7). Modeling data used in our study came from small
forest area (Fig. 1) where growth variability caused by several factors
may not vary as they usually do for a large area. Because of this, our
model, especially for Cedrus deodara, can be applied to similar forests as
a basis of this study and warrant the rigorous testing before applying to
other forests, even within the Karnali province. While applying volume
models for Pinus roxberghii, one should treat dummy variable as defined
in Eq. (4).

5. Conclusion

Allometric tree volume models for two important tree species in the
Karnali province, a remote part of Nepal, were developed using data
collated from a fairly large number of individuals (mature trees and
juveniles) representing to sufficiently large variations of the tree volume
allometry. Diameter at breast height, total height, and crown width were
used as predictors for the Pinus roxberghii models, while only former two
predictors were used for the Cedrus deodara models. All the models
described more than 92% variations of the tree volume allometry with
better fit statistics obtained for Pinus roxberghii. Model validation with
an independent external data set confirmed a high accuracy of the Pinus
roxberghii model. Almost similar effect of tree crown as height existed for
Pinus roxberghii. The model for this species can be applicable for pre-
dicting tree volume with bark and without bark; however, the model for
Cedrus deodara can only predict over-bark tree volume. The proposed
volume model (M1: power model) is biologically plausible, theoretically
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Annex la. Model curves overlaid on the measured tree volume data for Pinus roxberghii. Mean values of the data were used for covariate predictor of the model,
except the variable of interest in the figure that was allowed to vary from about minimum to maximum values in the measured data. Acronym cw stands for tree
crown width (m) and ht for total tree height (m) of Pinus roxberghii, and DBH stands for diameter at breast height (over bark).
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Annex 1a. (continued).

robust, and statistically flexible and can be useful for growing stock
estiamtion, carbon accounting, timber valuation, forest growth and
yield modeling, and forest ecosystem analysis. The proposed model
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needs to be applied cautiously for forest conditions not covered by
model fitting data and model testing data. Model improvement may be
possible through recalibration with additional data collected from wider
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Annex 1b. Model curves overlaid on the measured tree volume data for Cedrus deodara. With the variation of predictor variable total height of the tree from about
minimum to maximum values in the measured data, tree volume significantly varied. The Left appears biologically more logical than the right.

distributions of the species of interest across Karnali province or beyond
and application of more robust modeling appraoches, such as mixed-
effects modeling and machine learning.
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