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Abstract: We present a new set of equations for tree level volume and aboveground biomass estima-
tion for ocote pine (Pinus oocarpa Schiede ex Schltdl). These equation systems are the first developed
for this species in Nicaragua. The first system includes a taper function, a merchantable volume
equation, and volume equations for stem, coarse branches, and whole trees. The second system esti-
mates whole tree and individual tree component biomass (stem wood, bark, branches, and needles).
Data from 112 sampled trees were used for models” development. Seemingly Unrelated Iterative
Regression and the Generalized Method of Moments were used to simultaneously fit the volume and
biomass equations systems, respectively; both methods ensure additivity and compatibility between
equations. Weighted regression and a second-order continuous autoregressive error structure were
used to correct heteroscedasticity and autocorrelation within the hierarchical dataset. The predictive
power of the new proposed equations is higher than the currently used models for P. oocarpa in
the country. These equation systems represent a scientific advancement that will enhance forest
inventories, optimize timber management of the species, and facilitate accurate monitoring of forest
carbon dynamics. Additionally, the new equations will contribute to a more precise accounting of
CO, emissions from the country’s forestry sector.

Keywords: whole tree volume; coarse branch volume; taper equation; ocote pine; autoregressive
model

1. Introduction

Nicaragua has 3.7 million ha of natural forest cover, and is the fourth largest forested
country in Central America [1]. Eighty-two percent of the forest area is distributed in the
Caribbean Coast region and 12% in the Pacific and Central-North regions [2]. During
the period 2000-2015, forest cover in the country decreased from 40.20% to 29.10% [2].
The main direct causes of deforestation are the expansion of the agricultural frontier and
extensive livestock farming [3]. The forestry sector contributes 1% to the country’s Gross
Domestic Product [4].

As the effects of climate change are becoming more evident, accurate and compre-
hensive greenhouse gas emissions reporting has risen as an instrument for understanding,
mitigating, and adapting to the impacts of this global challenge [5]. Forestry is an important
sector contributing to nation-level overall emissions; therefore, the development of volume
and biomass equations stands as a valuable tool for countries aiming to enhance their
emissions reporting framework.

Emissions originate from the use of natural forests, forest plantations, harvesting
of firewood and roundwood, natural disturbances, removal of biomass from forests to
other uses such as pastures, croplands, wetlands, settlements, and other lands. Therefore,
accurate volume and biomass equations are indispensable for quantifying carbon emissions
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associated with these activities. Volume equations help estimate the volume of timber
harvested or growing stocks in a forest, while biomass equations provide data on the carbon
content within trees and the aboveground biomass and carbon pools in forest ecosystems.
Using local equations developed on a scientific basis, countries can accurately determine
the emissions and removals associated with land use changes, supporting the development
of effective forest management and conservation strategies [2].

On the other hand, robust biomass equations contribute to emissions reporting preci-
sion and accountability, and reduce estimate uncertainty. For instance, in the Nicaragua’s
Fourth National Communication on Climate Change, the uncertainty of the AFOLU sector
reached £58%, mainly due to the uncertainty of using default emission factors, variables,
and parameters to calculate emissions [2]. For forest land, the parametric data and emission
factors used came from different sources, such as default values from the IPCC Guide-
lines [5] and the emission factors estimated in the Forest Emissions Reference Levels of
Nicaragua [6].

The adoption of reliable equations ensures that reported emissions closely reflect
reality, facilitating supported decision making and fostering international cooperation
against climate change. In this context, aboveground biomass (AGB) plays a significant
role in carbon storage within forests, and can be approximated using biomass expansion
factors [7] or by establishing links between biomass functions and data collected at the tree
level during forest inventories [8]. In both scenarios, the utilization of specific biomass
equations becomes necessary for accurate quantification of carbon [9].

There is considerable and increasing attention in improving the availability and qual-
ity of allometric equations to calculate volume, biomass, and carbon in Latin America.
However, the information on volume and biomass estimates of Pinus oocarpa in Nicaragua
is scarce. Until today, there have been no studies on the validity and accuracy of growing
stocks or biomass estimates of this species. For instance, for the Fourth National Communi-
cation on Climate Change, Nicaragua estimated tree-level biomass by applying a method
from Chave et al. [10], whereas forest growth volume rates used for estimating carbon
stock in land converted to forest land were obtained from a study by Moraes [11] based on
data from broadleaf evergreen forests. The same growth rates were applied for dry forest.
For pine forests, the approach proposed by Calderén and Urbina-Solis [12] was followed.
Although these estimates may be accurate, the use of specific equations developed locally
could increase the transparency of future estimates.

Pinus oocarpa is a forest species with high potential for reforestation and commercial
plantations, not only for timber production, but also for seed production due to its high
genetic value. Its wood is used in construction, furniture, joinery, carpentry, plywood,
handicrafts, toys, poles for electrical and telephone transmission lines, pulp, and paper.
However, despite the superficial importance of the species in the country and the variety
and high value of its products, studies related to the growth and production of the species
are scarce. Until today, total tree volume of P. oocarpa pine is estimated using a form
factor (0.43). This factor is used throughout the country, regardless the dissimilarities of
the regions or stand productivity levels (site quality) where the species is located. As
an alternative to achieve the correct management of the species, it is extremely useful to
have whole and merchantable volume equations that allow the planning and valuation of
harvesting schemes according to the industrial uses of the timber.

The aim of this study was twofold: to provide the first compatible volume equations
system for describing the stem profile, and for estimating stem, branch, and whole tree
volume; and to develop a set of tree-level additive equations for predicting total above-
ground biomass for P. oocarpa in Nicaragua.

2. Materials and Methods
2.1. Study Area

According to the National Forest Inventory [13] and the Population-based Study of
Forest Species [14], for the spatial distribution of the sample trees, the sampling sites were
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defined by the National Forest Institute (INAFOR) (Figure 1). These sites considered all
growth conditions of the species in the country.
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Figure 1. Location of the study area (orange dots indicate the sampling points); letters in brackets
indicate the municipalities where the sampling points were located ((A): Macuelizo, (B): San Fernando,
(C): Jalapa, (D): Telpaneca, (E): San Nicolas, (F): San Rafael del Norte).

Pinus oocarpa is distributed mainly in the warm and sub-humid climate (Aw [Aw0,
Aw1, Aw2]), which is characterized by a dry season from November to April and a rainy
season from May to October; the average annual rainfall ranges between 800 and 1400 mm
and temperature between 22 °C and 26 °C. The species is also found in dry and arid climate
(Bs1), mainly in the municipality of Telpaneca, Totogalpa, and Yalagiiina (department
of Madriz); climate Bsl is characterized by a severe dry season, with average annual
temperature ranging between 23 °C and 27 °C and precipitation ranging from 650 mm to
800 mm. To the northeast of Nueva Segovia, P. oocarpa is located in areas dominated by
climate A(x’), which presents a mean temperature from 19 °C to 23 °C and precipitation
from 1300 mm to 1600 mm. The species is also found in areas of temperate climate C
(Cam, Cbm), located in the highest parts of the northern region, in the mountains of Nueva
Segovia and San Rafael del Norte (department of Jinotega), with a mean annual temperature
of 18 °C and annual rainfall between 1000 mm and 1800 mm [15].



Forests 2024, 15, 309

40f19

2.2. Data Collection

Data from 112 trees located throughout the area of distribution of P. oocarpa in
Nicaragua were collected. The departments from which the samples were obtained were
Madriz (37), Nueva Segovia (45), Jinotega (11), and Esteli (19).

2.2.1. Volume Data

The trees were subjectively selected to ensure a representative distribution according
to breast height diameter and height classes. Trees were felled and sectioned by professional
loggers and measured. Stem diameter at breast height (D, cm) and crown width (cw, m)
were measured before felling, whereas total height (H, m) and stump height (hs, cm) were
measured after felling. Total height of each felled tree was measured with a long fiberglass
tape. Tree profiles were described by cutting the stems into logs. The first two logs were a
constant length of 0.3 m, and the third log was length variable, depending on the stump
height, so that the upper diameter coincided with the diameter at breast height (1.30 m
above ground level); subsequent logs were also length variable (depending on the needs
of the tree owner) up to the tree top. At the top of each section, the over- and under-bark
diameters (di, cm) were measured twice to the nearest 0.1 cm, and the values were then
arithmetically averaged.

All coarse branches, defined as any branch with a basal diameter >4 cm, were also
sectioned and measured in the same manner as the stem. Branches of diameter <4 cm were
not included in the sampling because their contribution to total volume is often considered
negligible [16]. Log volumes were calculated in m3, using Smalian’s formula; the top
section was treated as a cone. Over-bark stem volume (above stump) (v, m?) and coarse
branch volume (v;,, m®) were obtained by summing the sections volume and the tops
volume. Furthermore, merchantable over-bark volume (vi,;, m3), i.e., the volume from
stump to the point where diameter = di was calculated.

Scatter plots of the relative diameter against relative height were examined to detect
abnormal data points following the approach proposed by Bi [17]. A local non-parametric
quadratic fitting with a smoothing parameter of 0.25 was carried out using the loess proce-
dure of SAS/STAT [18]. Abnormal data accounted for 0.2% of the total taper measurements
and were not included in further analysis. The deleted data were due to errors in data
collection, deformed, or knotted sections.

2.2.2. Aboveground Biomass Data

Biomass measurement included collecting dimensional tree data, cutting and sepa-
rating the tree components, and weighing each fresh biomass component. The following
biomass components were considered: stem wood (By), stem bark (By), branches (including
both wood and bark) (By,), and foliage (By). The green weight of stem and branches was
determined by weighing the logs and branches on a 1000 kg balance (precision 100 g).
Whole foliage was totally separated from the stem and weighed on an analytical balance
(precision 1 g). A disk of about 5 cm thick was cut from each log, and representative
samples of branches (1-3 kg) and needles (0.5-1 kg) were weighed in the field (fresh weight)
before being transported to the laboratory for drying at 70-85 °C to constant weight. On
the basis of the ratio of dry biomass to fresh biomass, the biomass of each tree component
was calculated and then summed to obtain the total AGB of each sampled tree. Summary
statistics including number of observations, mean, minimum, maximum, and standard
deviation values of the tree variables are shown in Table 1.
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Table 1. Summary statistics of the data set (n = 112).
Variable Minimum Maximum Mean SD
Volume (m?)
hst 1.00 18.00 8.78 3.01
D 11.00 67.00 34.54 14.16
H 7.47 29.16 19.81 4.64
Vo 0.042 4.02 1.06 0.87
Vub 0.027 3.48 0.92 0.76
Vpyr 0.000 0.93 0.16 0.21
Ut 0.042 4.37 1.23 1.04
Aboveground biomass (kg)

Bw 15.36 1117.45 361.93 262.19
By 443 210.41 71.996 56.21
By, 243 459.51 129.77 110.97
By 2.67 60.13 22.14 15.99
B; 22.88 1808.72 572.32 429.28

hst = stump height (cm), D = diameter at breast height (cm), H = total height (m), v,, = stem volume over-bark
(m?), v, = stem volume under bark (m?), vy, = branch volume (m?), v; = tree stem + coarse branch volume (m?),
By = wood biomass (kg), B, = bark biomass (kg), By, = branch biomass (kg), By = foliage biomass (kg), B; = total
tree biomass (kg), SD = standard deviation.

2.3. Compatible Taper—Volume System

In a first step, the model formulations presented in Appendix A (Tables A1 and A2)
were tested for estimation of stem volume. The best stem volume equation (Schumacher—
Hall) was selected as total volume equation (Equation (3)) into the compatible taper-volume
function. In the second step, we fitted the exponential segmented model developed by Fang
et al. (2000), which assumes the three sections of the tree stem (neiloid, paraboloid, and
cone) with a variable form factor (Equation (1)). Equation (1) estimates diameter over-bark
(digp, cm) to a height limit (hi, m). This taper function has shown good performance in
describing the stem profile of different forest species [19].

diy, = Cl.\/H(k—bl)/bl.(l — q)(k*ﬁ)/ﬁ.a{ﬁfzaéz

ay— K
agDH -~ U

U=\ Bl ) +02(r1—mar2) Tbamir

_ (bp—by )k (b3—by)k 1
B = bi (Il+12)~bélbé2 ap = (1—py) 02 wy = (1—pp) 2b 1)
ro=(1—hag/H)"" 1= (1—p)" ry=(1-po)*/"

L =1if p1 < g < py;otherwise 0
I =1if pp < g <1;0therwise 0

where di,, is the upper stem diameter to any height; p; and p; are relative heights above
ground where the two inflection points of the model are assumed to divide the stem in
three sections with a different form factor b;; g = hi/H; k = 71/40,000; hs is stump height (m);
and ap—ay, b1-b3, p1 and p, are parameters to be estimated.

Integration of Equation (1) to any height limit (/i) produces the merchantable over-
bark volume (vi,,) (Equation (2)), and integration of Equation (1) over the total tree height
produces the stem volume over-bark (v,,), which must be equal to the one obtained with
Equation (3):

Uiob = C%'hk/bl- [b17‘0 + (11 + I2)(b2 — b1)1’1 + Iz(bg — bz)ﬂé17‘2 — ,3(1 — q)k/‘BDC{ﬁIzlxéz} (2)

0oy = a9-D*1-H™ (3)
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2.4. Compatible Volume System Fitting

Initially, both linear and non-linear models were fitted to predict branch volume (vy,)
using independent variables such as breast height diameter (D), total tree height (H), and
crown width (cw). Among these variables, D yielded the best goodness of fit; consequently,
the system was enhanced with two new equations, Equation (4) for estimating branch
volume, and Equation (5) for calculating whole tree volume.

vy = exp(—cp)-D 4)

UV = Vpp + 0y, = ag-D1-H™ + eXp(*Co)'DC1 (5)

where ¢; are parameters to be estimated.

The next step involved the fit of the compatible volume system, taking into account
that some properties must be fulfilled to use this type of system. According to authors
such as Dieguez-Aranda et al. [19], a critical factor among these conditions is additivity.
This implies that v; must be equal to the sum of the volumes calculated from v,, and vy,.
Another fundamental property is compatibility between stem volume estimates derived
from Equation (3) and those obtained from the merchantable volume (Equation (2)) derived
through the integration of the stem taper function (Equation (1)), i.e., when hi = H, then
Vigp = Ugp-

In systems in which a compatibility relationship exists, there are three potential
approaches for fitting them. (i) Simultaneous Parameter Estimation Approach (SPEA),
which involves the simultaneous estimation of parameters for both the stem taper function
(Equation (1)) and the merchantable stem volume (Equation (2)), independent estima-
tion of the branch volume (Equation (4)), and recovery of the implied volume equations
(Equations (3) and (5)). (ii) Comprehensive Parameter Estimation Approach (CPEA), which
encompasses the simultaneous estimation of parameters for the stem volume, branch vol-
ume, and whole tree volume equation parameters (Equations (3)—(5)); then, the parameters
(ap—a7) are substituted into the stem taper and merchantable volume Equations (1) and (2),
and the remaining parameters (b;—b3, p1 and p,) are subsequently fitted. (iii) Simultaneous
Full Parameter Estimation Approach (SFPEA), where all the parameters of the system are
simultaneously estimated. In this preliminary analysis, SPEA led to a notable increase in
both bias and standard error within the volume equation. On the other hand, SFPEA failed
to achieve parameter convergence. Therefore, we selected the CPEA fitting option (ii).

Finally, in order to estimate diameter under bark (Equation (6)) and volume under bark
(Equation (7)), we added the following equations into the compatible equations system:

diyy = digp-e (6)

Vi = Vigpe2 (7)

We used the Iterative Seemingly Unrelated Regression (ITSUR) technique to account
for cross-equation correlation. Estimation of the parameters was carried out with the
MODEL procedure of SAS/ ETS® [18].

2.5. Correction of Heteroscedasticity and Autocorrelation

To address heteroscedasticity, we used weighted regression, where the weight was set
as the inverse of the variance of each individual observation [20]. The estimation of this
variance, which was initially unknown, was carried out through the potential functions
0’1-2 = 4-DF and O'iz =7 (DZ-H )k for equations with one or two independent variables,
respectively. The values of y and k were obtained using the errors derived from the
model fitted without weights. These errors were treated as dependent variables in the
potential error variance model. The final weights (Wi) were 1/DF for the branch volume

(Equation (4)) and 1/ ( D*.H ) * for both the stem volume (Equation (3)) and the whole tree
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volume (Equation (5)). The weighting factor was programmed in the MODEL procedure of
SAS/ETS® [18].

As the database used for fitting the taper function consists of multiple observations
for each tree, showing a hierarchical structure, it is reasonable to anticipate autocorrelation
within the residuals of each individual observation. Consequently, we used a second-
order continuous-time autoregressive error structure CAR(2) to address the autocorrelation
inherent in the longitudinal data used for the simultaneous fitting of Equations (1) and (2).
The CAR(2) model expands the error terms as follows [21] (Equation (8)):

hij I~
ejj= d1py Yeij 1oy’ e gt (8)

where ¢;; is the jth ordinary error of the ith tree (i.e., the difference between the observed
and the estimated diameters of the tree i at height measurement j);d; =1forj>1yd; =0
for j = 1; py is the first order autoregressive parameter to be estimated; h;j—h;;_; is the
distance separating the jth from the jth-1 observation within each tree; hi]- > hi]-,l ;dp =1
forj>2ydy =0forj<2;p;is the second order autoregressive parameter to be estimated;
hij—hi;_» is the distance separating the jth from the jth-2 observations within each tree,
hij > hji_»; and ¢;; is the error term under independence conditions. All equations were
fitted simultaneously using Iterative Seemingly Unrelated Regression (ITSUR) to account

for cross-equation correlation.

2.6. Procedures for Developing the Species-Specific Biomass Equations

Three basic forms of regression models were examined as starting point for the selec-
tion of the best biomass allometric equations for each tree component:

B=aDP +¢; 9)
B =aDPH" +¢; (10)
B =aD?H + ¢ (11)

where &, B, and v are the equation parameters, B can be total tree AGB or any of the tree
biomass components, and ¢; is the model error.

The allometric models were independently fitted for each biomass component using
the least squares method with the REG procedure of the SAS/STAT® 9.2 software [18].
To initialize the iterative process, initial values were derived from linear regression con-
ducted on the logarithmic transformation of the allometric model. For variable inclusion, a
significance level of 0.0001 was restricted [7].

The best model for each tree biomass component was chosen at that first stage. Subse-
quently, a species-specific system of AGB equations was defined. This system takes into
account cross-equation constraints on the structural parameters along with cross-equation
error correlation [22,23]:

By = ag-DY-H™ (12)

By = 11-D72-H™ (13)

By, = exp(—dy)-D% (14)

B; = exp(—6;)-D% (15)

B = ag-D™-H"2 4 41-D"2-H" 4 exp(—0;)-D* + exp(—6;)-D% (16)

where By, By, By, and Bj, are the biomass of each tree component (stem wood, bark,
branches, and foliage or needles), B; is the total tree biomass, D and H are the independent
variables, and w;, 7;, di, and 6; are the parameters to be estimated.
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Simultaneous Fitting of Tree Biomass Components and Total AGB

The system of equations was fitted using the Generalized Method of Moments (GMM)
within the MODEL procedure of SAS/ETS® [18]. This method ensures efficient parameter
estimates even when potential heteroscedasticity is present [24]. The parameters obtained
by the simultaneous fit with GMM guarantee that the aggregate biomass (B) will be the
sum of the estimated biomass of all tree components [7,23].

2.7. Volume and Biomass Models Fit Evaluation

The evaluation of the model’s estimates involved numerical and graphical analyses
of the residuals. Three statistical criteria were examined: bias (E), root mean square
error (RMSE), and coefficient of determination estimated for nonlinear regression (R?) [25]
(Equations (17)—(19)).

F— Y (i — 1)

" (17)
Y (i — )
R =1} 5 (19)

where y;, 7;, § are the measured and estimated i-th value of the dependent variable i,
respectively; r,,_y is the correlation coefficient between the measured and estimated values
of the dependent variable i; n is the number of observations; and p is the number of
mode parameters.

The models were further assessed by plotting the bias and RMSE by D class and
relative heights. These plots show size classes of individual trees for which the volume
systems provide especially good or poor predictions [26]. Moreover, predictive performance
evaluation of the AGB models was conducted using a 10-fold cross-validation approach.

3. Results
3.1. Stem Volume Model

Appendix A contains the goodness-of-fit statistics for the one-entry (Table A3) and
two-entry (Table A4) volume equations fitted to estimate stem volume over-bark for
P. oocarpa. In all cases, the equation by Schumacher—Hall [27] consistently produced
enhanced goodness-of-fit statistics and was included as the total volume equation into the
compatible taper—volume equation by Fang et al. [28].

3.2. Stem Volume, Branch Volume and Whole Tree Volume Equations

Once the best volume equation was selected, the compatible equations system was
fitted. Initially, the system was fitted through non-linear least squares without expanding
the error term (p), in order to take autocorrelation into account. A clear trend in the raw
residuals of the taper function was observed, revealing a correlation (r = 0.64) to the residu-
als of the adjacent section within the same tree (Figure 2, first column). After correcting for
autocorrelation with the second-order continuous autoregressive error structure (CAR2),
the trends in residuals disappeared (r = 0.001), as evidenced in Figure 2c.
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Figure 2. Residuals (di, cm) versus LAG1 residuals for the Fang et al. [28] model fitted without
considering autocorrelation (a), and using a continuous autoregressive model of first (b) and second
order (c).

Table 2 presents the goodness-of-fit statistics for the taper and volume equations
within the compatible equations system. These equations demonstrated good performance,
accounting for 98% and 95% of the variation in diameter and volume over-bark along
the stem, respectively. The system showed high precision in estimating diameter along
the stem (di,,) with a mean accuracy of 1.79 cm, while precision for the viy, equation was
0.17 m?.

Table 2. Goodness-of-fit statistics for the simultaneous fitting of the volume equation system.

Equation Variable Bias RMSE R?

1) diyy 0.000 1.79 0.98
2) Viyp 0.000 0.17 0.95
3) Uob 0.001 0.13 0.98
(4) Vpy —0.010 0.12 0.65
(5) [ 0.006 0.17 0.97
6) diy 0.001 1.73 0.98
7) Viyp 0.000 0.04 0.99
diy, = diameter over bark (cm); viy, = merchantable volume over bark (m®); v,, = stem volume over bark

(m®); vy, = volume of branches (m3); v; = whole tree volume over bark (m?); di,;, = diameter under bark (cm);
vi,, = merchantable volume under bark (m?).

Figure 3 shows the bias and RMSE of stem volume, branch volume, and total volume
estimates across D classes. A consistent trend among all three volume estimates, i.e., a
shift in bias from positive to negative as the D class increased. The RMSE increased until
reaching the 55 cm D class, at which point it started to decrease, except for v,y, for which
the RMSE continued to increase after the 55 cm diameter class.

0.8 1
0.6 1

0.2 1

mvt vob vbr mvt vob vbr

-0.2 A
04
-0.6 1
0.8 1

10

15 20 25 30 35 40 45 50 55 60 65 10 15 20 25 30 35 40 45 50 55 60 65

D class (cm) D class (cm)

Figure 3. Bias and RMSE of stem (v,;,), branch (vy,), and total volume (vt) estimates per diameter class.
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Parameters and goodness-of-fit statistics for the taper (di,;) and merchantable volume
(vigp) equations are listed in Table 3. All parameters achieved high levels of statistical
significance (p < 0.0001).

Table 3. Parameter estimates for the simultaneous fitting of the compatible taper—volume equa-
tion system.

Parameter Equation Estimate Std. Error t-Value Pr>t
a 48 %1075 0.0000 8.68 <0.0001
n 1.95204 0.0264 73.87 <0.0001
a 0.95437 0.0442 2158 <0.0001
b 1.1 x 107> 0.0000 29.11 <0.0001

1-3) and (5
by (=3)and (&) 5 155 0.0000 133.65 <0.0001
by 46 x 1075 0.0000 4.54 <0.0001
P 0.044451 0.0021 21.19 <0.0001
P 0.894319 0.0159 56.07 <0.0001
¢ @ 9.78628 0.5125 20.90 <0.0001
- 236459 0.1327 18.61 <0.0001
Q1 0.924834 0.0002 599.19 <0.0001
@ (6) and (7) 0.866735 0.0001 697.41 <0.0001

The behavior of the compatible taper-volume function was evaluated by examining
the bias and RMSE distribution of the di}, and vi, values by relative height class (Figure 4).

4 0.6 0.6
(a) (b)
0.4
-3
T ~02 L 04 o~
S E I E
2 w ;’/ 00 = — n_ _ IR — — HEE - w
n © %
= Do L02 @
1
04
0 0.6 0
0 10 20 30 40 50 60 70 80 90 100 0 10 20 30 40 50 60 70 80 90 100
hi/H hi/H

Figure 4. Bias (bars) and RMSE (dashed line) for dig, (cm, (a)) and vi,p, (m3, (b)) by relative height
classes (hi/H) for the compatible taper—volume function by Fang et al. [28].

Bias showed a similar trend in both equations, since it consistently remained around
the zero line, except for vi,, when dealing with relative heights above 70% (positive bias),
i.e., the merchantable volume equation slightly underestimates the volume in the upper
section of the tree. On the other hand, the precision of the di,}, equation was higher as the
height above the stump increased. This was evidenced by the fact that the average error at
the tree base was close to 2 cm, while at the tree top, it was less than 1 cm. The precision of
the merchantable volume equation was smaller than 0.2 m? in all relative height classes
(Figure 4).

3.3. Comparison of the Developed Volume Equations

The stem volume equation (v,)) selected in this study (Schumacher—-Hall) presented
satisfactory fit (R? = 0.98, RMSE = 0.13 m?) and a better performance compared to the
equations used for estimating stem volume of P. oocarpa in Nicaragua (Figure 5).
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Figure 5. Observed values of stem volume over-bark (v,,) overlapped on those estimated with the
Vob equation developed in this study and with previously used equations developed by Saravia &
Cano [29], COHDEFOR [30], Petters [31], Pérez et al. [32] and Estrada [33].
3.4. Tree-Level Biomass Equations
Table 4 contains the parameter estimates obtained by simultaneous GMM fitting, as
well as the approximate standard errors and significance contrasts. All the parameters were
significant at o = 0.05. The R? values indicated that the fitted models explained between
91% and 95% of the observed total and by-component biomass variance. The total tree
biomass equation accounted for 93% of the total observed variance in the whole tree AGB.
The goodness-of-fit statistics calculated during the fitting and the cross-validation phases
showed good performance of the selected equations, with R? values ranging from 0.89 (B))
to 0.93 (Bp).
Table 4. Parameter estimates, significance, and goodness-of-fit statistics for the biomass component
and total tree biomass equations.
Biomass Fitting Phase Cross-Validation
Parameter Estimate  Std. Error t-Value Prob. Approx > |1
Component R> RMSE (kg) R? RMSE (kg)
Bw xo 0.103774 0.0476 2.18 0.0034 0.91 58.72 0.90 59.84
a1 1.785653 0.0857 20.85 <0.0001
%3 0.607972 0.1446 4.20 <0.0001
By, 7 0.006142 0.0027 2.23 0.0309 0.95 9.97 0.93 10.46
T2 2.157731 0.0615 35.07 <0.0001
73 0.489618 0.1355 3.61 <0.0007
By, o1 3.368001 0.4490 7.50 <0.0001 0.91 33.17 0.90 33.78
I 2.303818 0.1228 18.77 <0.0001
B 01 3.597798 0.3090 11.64 <0.0001 0.91 4.72 0.89 5.14
0> 1.890744 0.0838 22.57 <0.0001
By 0.93 111.26 0.91 111.70
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The most effective allometric equation for estimating stem wood biomass and bark
biomass was the one encompassing D and H; by contrast, the inclusion of H as an indepen-
dent variable did not yield significant results for estimating the biomass of branches and
needles. Consequently, branches and needles (foliage) biomasses were solely estimated
using D. The predictive capacity of the selected models is shown in Figure 6.
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Figure 6. Observed values (gray circles) of stem wood (By), bark (By), branches (By,), needles (Bf),
crown (B.y), and total biomass (B;) against biomass values (green circle) estimated with the allometric
equations developed.

Finally, the distribution of the biomass by tree component showed a pattern associated
with tree size, in this case, the diameter at breast height (Figure 7).

The distribution of biomass among tree components remained consistent in all cases,
except for stem wood, which showed a decline from 76% in the 5 cm D class to 61% in the
60 cm D class. The proportion of biomass in bark and branches increased slightly as D
increased, while the proportion of leaves remained almost constant across all D classes.
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Figure 7. Biomass distribution by tree component (stem wood (Bw), bark (By,), branches (By,), needles
(Bf), crown (Bc), and total biomass (By)), as a function of tree size, estimated with the developed
biomass equations system.

4. Discussion
4.1. Volume Equations System

This study presents a compatible volume equations system based on the function
proposed by Fang et al. [28]; it consists of stem volume, coarse branch volume, merchantable
volume, total tree volume, and taper equations for Pinus oocarpa in Nicaragua.

Although Cifuentes et al. [34] report 75 allometric equations (including biomass,
volume, carbon, height, and bark volume) for 41 species in Nicaragua, it was not possible
to find these equations for comparison with this study. This is largely because there was no
way to retrieve the publications, so there was no reliable way to know the true extent of
the published materials. In fact, many of the allometric equations used in Nicaragua were
developed as part of the research of university or graduate students [29,35], and others have
been taken from works in neighboring countries, such as Guatemala and Honduras [36-38].

The stem volume equation generated in this study predicts more accurately the stem
volume with bark than those developed in the 1990s by Saravia and Cano [29]. The
volumes predicted with the H2 model are similar to those estimated in this study and to
the real values up to the D class 35 cm; however, after 40 cm, the Saravia and Cano [29]
equation tends to systematically overestimate the volume of the stem (Figure 5A). On
the contrary, model H4 underestimates stem volume in trees with D > 30 cm. Similarly,
the form factor traditionally used to calculate the volume of this species in management
programs (0.43) slightly underestimates the observed volumes (Figure 5B). In addition,
bark volume (v,},) values are more accurately overlapped on the observed values than other
equations developed for P. oocarpa in other countries (unpublished), which have been used
in the past for management of the species in Nicaragua. For example, the equations by
COHDEFOR [30], Petters [31] (Figure 5D), and Pérez et al. [32] (Figure 5C) systematically
underestimate volume in all D classes, while the equation by Estrada [33] is the equation
that predicts volumes closest to those observed (Figure 5D). The lack of local or national
equations to calculate timber volumes in trees and stands of P. oocarpa in Nicaragua has
generated uncertainty regarding the volumes used to estimate national timber production,
which could translate into potential legal and economic implications. Therefore, the use
of equations locally developed in different conditions from those of the natural forests of
P. oocarpa in the country should be used with caution.

The fit of the taper—volume compatible function of Fang et al. [28] was acceptable.
The model includes two inflection points (p1, p2), and describes appropriately the data for
both diameter along the stem (diy},) and height (ki) to a specific diy,. The first inflection
point is located close to diameter at breast height and the second at the upper position
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on the stem [39]. In P. oocarpa, the p; parameter suggests a first inflection point at 4.4% of
the total tree height, which is less than the values reported in others studies; for instance,
Pérez et al. [36], who assumed that the inflection point of P. oocarpa in central Honduras
is located at 25% of the total height. Other studies on the stem profile of these species
have reported values of the first inflection point similar to those of this study; for example,
Vargas-Larreta et al. [40] developed profile equations for P. oocarpa in more than 30 forest
regions of Mexico, and reported values of p; between 3.1% and 9.0% (average 5.7%). The
second inflection point (p,) was obtained at 89.4% of the tree total height, and the value
is in line with those obtained by Vargas-Larreta et al. [40] in the aforementioned regions,
with values between 58.1% and 93% (average 73.8%). In addition, the p, value is consistent
with those reported for other pine species; for example, 71% for P. cooperi and 74% for
P. durangesis in Mexico [41]. No similar studies were found for this species in Nicaragua;
however, the two inflection points seem to be adequate to describe the stem profile of
P. oocarpa.

The taper model estimated less accurately diy, on the lower part of P. oocarpa pine
trees, because it is the part of the stem with the greatest taper. This difficulty in describing
the stem profile in the lower part of the tree has been documented for several conifer
species [19,42]. In this study, diameter prediction accuracy increased in the part of the stem
between 10 and 80% of the total height, which corresponds to the most cylindrical part of
the trees, with an average bias < 0.05 cm and average RMSE <1 cm.

The RMSE associated with the estimation of volume up to a limit diameter or height
(merchantable volume) remained constant in all diameter classes, without reaching high
values (maximum RMSE < 0.2 m®). Although goodness-of-fit values were lower than those
reported in other studies, mainly for conifer species [39,43], in general, the taper function by
Fang et al. [28] showed good behavior for estimating merchantable and total stem volume
for all tree sizes included in the sample. Bias showed a similar trend in both equations,
where the values always remain around the zero line, except in viyy, for relative heights
above 70% (positive bias), i.e., the merchantable volume equation slightly underestimates
the volume in the upper part of the tree. However, this bias does not have a negative effect
on the merchantable volume estimates, nor on the whole stem volume, since the lowest
amount of volume is concentrated in the tree top.

The estimation of the volume without bark from the volume with bark proved to
be a practical and accurate option to estimate the proportion of volume contained in the
bark. The value of the parameter g, in Table 4 (0.866) indicates that the average volume
contained in the bark corresponds to 13.4% of the total volume of the stem. The value of g,
is similar to those reported in studies carried out in Latin America, mainly in Mexico. For
example, Vargas-Larreta et al. [40] reported g, values between 0.82 and 0.91 (average 0.855)
in 10 states of Mexico, which means that site characteristics and latitude might have little
influence on bark thickness and bark volume content in this species.

Branch volume was modeled with an allometric equation based only on D, which
has been reported in other studies. The goodness-of-fit values for the coarse branches
volume equation were low, but are similar to those obtained by Gémez-Garcia et al. [44],
and Vargas-Larreta et al. [40], who report lower fit values than those obtained in this
study. This lack of fit is due to the difficulty of modeling crown volume, mainly due to the
variety of structures, sizes, and shapes of tree crowns, which differ, to a greater or lesser
extent, depending on factors such as the number of trees in the stand (competition), terrain
exposure, and slope [45], as well as species mixture.

4.2. Biomass Equations System

We did not find any biomass equations developed for the species in Nicaragua. The
only record is the study by Calderén and Solis [12], who quantified the biomass stored
in three development stages of a P. oocarpa forest in Nueva Segovia, where they obtained
an average total biomass of 391.67 kg tree~!; however, these authors did not report any
biomass equation.
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We found differences in biomass estimates yielded by the equations developed in
this study and previously published biomass functions for P. ococarpa. The predictive
power of the new biomass equations was less than those of previous models developed
by Gudiel [46] in natural forests of Honduras, as noted for the evaluation using R? and
RMSE. For the total aboveground biomass, the equation by Gudiel [46] showed an R? of
0.99 and an RMSE value of 86.27 kg tree ™!, while the equations developed in this study
yielded an R? = 0.93 and RMSE = 111.26 kg tree!. This author does not report equations
for stem, bark, needles, or branch biomass. In Mexico, Navarro-Martinez [47] fitted the
allometric model to estimate the total aboveground biomass of P. cocarpa in the south of
the country, with goodness-of-fit statistics similar to those of this study, with a slightly
higher R? (0.96), but a higher RMSE (359.0 kg tree!). The R? values are in the range for this
statistic reported in other studies on total aboveground biomass of this species; for instance,
Ayala-Lopez et al. [48] with 0.97, Gonzalez [49] with 0.95, and Navar [50] with 0.977.

While some authors argue that diameter (D) alone provides accurate estimates of
aboveground biomass [51,52], in this study, D was only a reliable predictor of branch
and needle biomass, which is in line with the findings of Lambert et al. [53], who also
demonstrate that incorporating height does not enhance the precision of crown biomass
estimates. Authors such as Navar [50] mention that modeling tree crown biomass is not
that simple, hence, anticipating slightly less accurate fits compared to the estimation of
stem or total biomass. In our study, the inclusion of height as an independent variable did
not yield improved precision in estimating branch and needle biomass, likely because no
canopy variables were included, such as crown diameter, length, or crown ratio, which
could explain the effect of factors such as competition or productivity level on crown
architecture. In contrast, the addition of H into the models significantly enhanced the
predictive accuracy of the equations for stem, bark, and total biomass.

The average distribution of aboveground biomass by component in P. oocarpa trees
was 66.1% in stem wood, 20.4% in branches, 4.3% in foliage, and 9.2% in bark. Alberto
and Evir [37] estimated the accumulation of aboveground biomass of P. oocarpa in natural
forests in Honduras and found that 71% of the aboveground biomass was located in
the stem and 21% in branches. Navarro-Martinez et al. [47] determined the following
biomass distribution by structural component in P. oocarpa in temperate forests of Guerrero,
Mexico: 64.7% in stem, 32.6% in branches, 2.0% in foliage, and 0.7% in cones. On the
other hand, the biomass proportion in the stem of P. oocarpa obtained in this study is
lower than that reported by Ramos and Ferreira [54] for this species in forests of Honduras
(71.65% in stem wood and 28.35% in bark, branches, and needles). For the same species,
Gonzalez [49] obtained 84.8%, 11.2%, and 4.0% of the biomass in the stem, branches, and
foliage, respectively, in young natural stands of P. oocarpa in northern Chiapas, Mexico.
Similarly, the distribution of aboveground biomass by components for P. oocarpa pine
in Honduras [46] is different to that found in this study, with 79.8% in the stem with
bark, followed by branches with 12.4%, needles with 7.0%, and cones with 0.8%. This
distribution pattern of AGB in P. oocarpa is explained by Enquis and Niklas [55]. Their
comprehensive study, encompassing a wide array of vascular plant species, yielded the
conclusion that, despite variations in ontogeny, anatomy, habitat, and environmental
characteristics, the accumulation of biomass in the components consistently follows the
same pattern regardless of environmental conditions.

5. Conclusions

Allometric equations were developed to estimate over- and under-bark stem volume,
branch, and whole tree volume (stem + branches), as well as biomass of wood, bark,
branches, needles, and total tree for P. oocarpa in Nicaragua. The equations were generated
with data from all growing conditions and stand types considered representative of the
coniferous and broadleaf forests of the country. The best model predicting stem volume
over-bark considers diameter at breast height and total height as independent variables,
while the coarse branches volume equation only uses diameter at breast height. The species-
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specific biomass equations developed are highly accurate and can be applied to individual
tree-level data in forest inventories. In addition, they can improve the precision of biomass
estimates and verify changes in carbon stocks in P. oocarpa forests in the country.

The equation systems presented in this paper are the first of this type in Nicaragua,
so this study should be considered as part of an ongoing process, in which a great effort
is required to obtain data from a larger number of species, with different growth forms
and biomass contents, in order to improve national capacities to estimate biomass and
carbon stocks and emissions of the country’s forests. The use of the equations reported
in this paper may present areas in the regression space where the predictions may be
less accurate, especially when the equations are used outside the range of data used for
their development.

Furthermore, while achieving good fits, it is apparent that environmental conditions
vary significantly among different regions within the country. Hence, future studies are
needed to identify differences in the stem taper of the species across forest regions, and to
calibrate the equations to local characteristics and specific forest management practices.
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Appendix A

Table A1l. Mathematical expression of the one-entry volume equations fitted (V = volume, D = breast
height diameter, b; = coefficients).

Equation Expression
Dissescu-Stanescu Vi = by + by-D?
Berkhout Vi = by-DIt
Dissescu-Meyer Vi = by-D + by-D?
Hohenadl-Krenn Vi = by + by-D + by-D?
Incomplete third degree polynomial Vi = by + by-D? + by- D3

Complete third degree polynomial Vi = by + by-D + by-D? + b3-D3
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Table A2. Mathematical expression of the two-entry volume equations fitted (V = volume, D = breast
height diameter, b; = coefficients).

Equation Expression
Schumacher-Hall Vi = by-D"-H
Spurr Vi = by-D*-H
Spurr potential Vi = by-(D-H )bl
Spurr with independent term Vi = by +by-D*H

Generalized incomplete combined variable V; = by +b;-H+by-D2-H
Generalized complete combined variable Vi = by +b1-D?> +by-H + b3-D*-H

Australian formula Vi = by +b1-D?> +by-D>-H + b3-H
_ D? b
Honer V; = =+ a
Newnham Vi = by + by-D2 + H

Table A3. Goodness-of-fit statistics of the one-entry volume equations evaluated.

Equation bo by by bs Bias RMSE R? adj
Dissescu-Stanescu —0.1355 0.0010 -1.12 x 10712 0.239 0.94
Berkhou 0.0003 2.2822 7.24 x 1074 0.233 0.95
Dissescu-Meyer —0.0093 0.0011 4.19 x 1073 0.235 0.94
Hohenadl-Krenn 0.1669 * —0.0190 * 0.0012 3.84 x 10713 0.235 0.95
Incomplete third degree polynomial ~ —0.0254 * 0.0007 4.84 x 1076 —2.20 x 10714 0.234 0.95
Complete third degree polynomial 0.0012 * —0.0025 * 754 x 1074* 420 x 1076* 243 x 1071 0.236 0.93

Asterisk (*) indicates a not significant parameter estimate at a probability level of 5%.

Table A4. Goodness-of-fit statistics of the two-entry volume equations evaluated.

Equation b by b, b3 Bias RMSE  R? adj
Schumacher-Hall 48 x107° 1.95204 0.95437 0.0001 0.132 0.98

Spurr 4.07 x 107° 1.44 x 1073 0.174 0.97

Spurr potential 248 x 107° 1.62229 —8.71 x 1073 0.276 0.93

Spurr with independent term 0.003482 * 4.06 x 1075 6.84 x 10712 0.175 0.97
Generalized incomplete combined variable 0.136611 * —0.00819 * 4.15 x 1075 —630 x 10712 0.173 0.97
Generalized complete combined variable —0.07242 % 0.00027 0.00157 * 0.00003 323 x 107 0.167 0.97
Australian formula —0.07242 * 0.00027 0.00003 0.00157*  1.61 x 107 0.166 0.97

Honer 1033.814 —2.37472 7.08 x 1073 0.232 0.95

Newnham —0.0058 * 6.97 x 107° 2.08039 0.72855 1.55 x 107° 0.168 0.97

Asterisk (*) indicates a not significant parameter estimate at a probability level of 5%.
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