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Abstract: The Eschweilera genus has great ecological and economic importance due to its wide
abundance in the Amazon basin. One potential use for the Eschweilera genus is in forest management,
where just a few trees are removed per hectare. In order to improve the forest management in the
Amazon, this study assessed two critical issues: volume equations fitted for a single genus and
the development of a non-destructive method using climbing techniques. The equipment used to
measure the sample trees included: climbing rope, ascenders, descenders, and carabiners. To carry
out the objectives of this study, 64 trees with diameter at breast height (DBH) > 10 cm were selected
and measured in ZF-2 Tropical Forestry Station near the city of Manaus, Brazil. Four single input
models with DBH and four dual input models with DBH and merchantable height (H) were tested.
The Husch model (V = a x DBHP) presented the best performance (R?> = 0.97). This model does
not require the merchantable height, which is an important advantage, because of the difficulty in
measuring this variable in tropical forests. When the merchantable height data are collected using
accurate methods, the Schumacher and Hall model (V = a x DBH? x H¢) is the most appropriated.
Tree climbing techniques with the use of ropes, as a non-destructive method, is a good alternative to
measure the merchantable height, the diameter along the stem, and also estimate the tree volume (m3)
of the Eschweilera genus in the Amazon basin.
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1. Introduction

The most common method used to fit volume and biomass equations in tropical forests is the
destructive method, where trees are selected and harvested to measure different sections of the
stem [1-3]. There are also non-destructive methods that can provide good results [4]. One alternative
method is the use of dendrometric equipment [5]. This kind of equipment is suitable to use in temperate
forests or in lands with planted forests, but in tropical forests the dense understory needs to be cleared
away from the stem for visibility. This can inadvertently affect the rates of natural regeneration which
are vital to the recruitment patterns in tropical forests [6,7]. In addition, the regeneration within
permanent plots cannot be cut. Therefore, tree climbing techniques using ropes, as a non-destructive
method, can be useful to collect the diameter along the stem and access the tree crown to collect seeds
and branches [8-11]. This technique is different than methods that use climbing spikes, which can
cause multiple types of injuries in tree rhytidome affecting their survival [9,12], particularly in tropical
trees where the bark and the sapwood thicknesses are very thin [13,14].
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The Eschweilera genus (Lecythidaceae Family), popularly known as Mata-Mata, is one of the most
abundant genera in the Amazon forest, and this genus includes many species that are difficult to
separate on the species level [15,16]. The difficulty to separate the different species of the Eschweilera
genus is being overcome by the development of Near Infrared (NIR) spectroscopy techniques [17]. The
Eschweilera genus, aside from being the most abundant genus, has significant potential for the forest
management in the Amazon region as it provides a diversity of wood products and biomass for green
energy [18].

In Brazil, the method to estimate the tree volume varies according to the land use. In forest
plantations, for example, it is common to fit volume equations by genus, species, or clone [19-21].
In deforested areas in the Amazon basin created for converting forest into pasture, the wood volume
estimate is obtained by the form factor model (the ratio of tree volume to the volume of a cylinder)
(mt x DBH?/4 x height) x 0.7. The most common methods used in forest management areas within the
Amazon basin are the adjustments of equations based on many different species [22]. There are many
errors associated with this kind of approach, due to the fact that the stems of the tropical trees have
numerous types of form factors [23,24] and just a few of these genera are managed for the procurement
of wood products.

In order to improve forest management techniques in the Amazon region, volume equations were
developed, by this study, using an innovative non-destructive method (climbing techniques with the
use of ropes) for the most abundant tree genus of the Amazon forest, the Eschweilera genus.

2. Materials and Methods

2.1. Study Area

The Eschweilera trees sampled were measured in two transects oriented in east-west (E-W) and
north-south (N-S) directions with 20 m x 2500 m (5 hectares each—total 10 hectares) [25] located in the
ZF-2 Tropical Forestry Station of the National Institute for Amazon Research (INPA), which consists
of approximately 23,000 hectares surrounded by continuous tropical forest of the Central Amazon
(Figure 1).

Transest (Plats)

Figure 1. Location map of the Brazilian Amazon, ZF-2 Tropical Forestry Station in proximity to the city
of Manaus and the two transects (east-west (E-W) and north-south (N-S)) in red, where the Eschweilera
sample trees were measured.
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2.2. Climbing Technique

The sample trees were measured using climbing ropes, ascenders, descenders, climbing
helmet, and carabiners. This method has been used and described in many surveys on tropical
forests [8,9,11]. The diameters along the stem were measured at selected locations using a diameter
tape (Forestry Suppliers®, Inc., Jackson, MS, USA) and the merchantable height (H) was measured
with a metric tape plugged to the climber. The locations of these sections measured were at: 0 m; 0.5 m;
1.0 m; 1.30 m; 2.0 m, and from this location every 1 meter to the first branches of the crown (Figure 2).
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Figure 2. Samples trees of Eschweilera genus measured with climbing techniques using ropes.

The Smalian method (Equation (1)) was used to estimate the tree volume as follows:

(mxD}) | (mxD3) (mxDiy) | (7xDgy)

Vsmalian — 40.000 5 40.000 X Lsd ...+ 40.000 40.000 % Ls (1)

where D12 is the diameter squared of the first section in cm, D,? is the diameter squared of the second

section in cm, D;y,? is the diameter squared of the ith section in cm, and Ls is the length of the section
in meters.

2.3. Selection Method of Eschweilera Trees

The forest inventory in the north-south/east-west transects was made by the Forest Management
Laboratory (LMF-INPA) which has measured all trees with diameter at breast height (DBH) > 10 cm
since 1996 until 2016 (20 years of data collection) (Figure 3A). All trees with DBH > 10 cm were
identified by previous studies [26]. The distribution of the Escheweilera genus by DBH-classes
(Figure 3A) showed negative exponential curves, which is the same pattern that has been ascribed
to mature tropical forests [27-29] and for some Escheweilera species, like Escheweilera albiflora in the
Central Amazonian varzea floodplains [30]. The selection of Escheweilera individuals in this study
(Figure 3B) followed the distribution of Eschweilera genus described in the forest inventory of the two
transects conducted in 2010 (Figure 3A).
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Figure 3. (A) Diameter at breast height (DBH) distribution of Eschweilera genus >10 cm in the two
transects (10 hectares) described by the forest inventory data; (B) DBH distribution of the 64 Eschweilera

sample trees measured by this study.

The Eschweilera genus has more than 90 species [15]. Prior to using the volume equations
developed in this study, it is important to verify the species composition described in Table 1.
In total, 64 Eschweilera trees were sampled over the 10 ha of the two north-south/East-West transects
(see Table S1 for details).

Table 1. Number of measured individuals per species of Eschweilera genus.

Species No. of Trees

—_

Eschuweilera atropetiolata S.A.Mori
Eschweilera bracteosa (Poepp. ex O.Berg) Miers
Eschweilera coriacea (DC.) S.A . Mori
Eschweilera grandiflora (Aubl.) Sandwith
Eschweilera micrantha (O.Berg) Miers
Eschweilera pedicellata (Rich.) S.A.Mori
Eschweilera pseudodecolorans S.A Mori
Eschweilera sp.

Eschweilera truncata A.C.Sm
Eschweilera wachenheimii (Benoist) Sandwith
Total

R JU == O

N W
= O

2.4. Tested Models

Four single input models with DBH as the independent variable and four dual input models with
DBH and merchantable height (H) as independent variables were tested (Table 2).

Table 2. Tested models to estimate the merchantable volume of Eschweilera genus.

No. Model Author

1 Vi=a x DBHiP + ¢ Husch [31]

2 Ln(Vi)=a+b x InDBHi + ¢ Husch [31]

3 Vi=a+b x DBHi? + ¢ Spurr [32]

4 Vi=a+b x DBHi + ¢ x DBHi2 + ¢ Hohenadl/Kreen and Prodan [33,34]
5 Vi=a x DBHiP x Hi¢ + ¢ Schumacher and Hall [35]

6 In(Vij=a+b xInDBHi+c x InHi + ¢ Schumacher and Hall [35]

7 Vi=a+b x (DBHi? x Hi) + ¢ Spurr [32]

8 Vi=a x (DBHi? x Hi)® + ¢ Spurr [32]

Where Vi is the ith tree volume in m3; DBHi is the ith tree diameter at breast height in cm; Hi is ith tree merchantable
height in m; In is the natural logarithm; and ¢ is the random error.
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To check a possible multicollinearity effect between the independent variables, the Pearson’s
correlation test was performed. Aside from the R-squared values, the best models were selected by
observing other statistics such as: the standard error of estimate (S.E.E) Equation (2), the distribution
of residuals in percentage (R%) Equation (3), and the significance of the coefficients of each

model (p-value).
2
\/er‘l—l (Ui(obs)—vi(pred))
n—k

R(%%) = <%d>—”<b>> 100 -
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@

Ui(obs)

3

where vi(yy) is the ith observed volume in m3; Vi(pred) is the ith predicted volume in m”; n is the number

of observations, and k is the number of estimated coefficients.

2.5. Form Factor

The form factor is the relationship between the cylinder volume (v cylinder) and the tree volume
(v Smalian) obtained by the Smalian method Equation (1). Form factor values close to 1 are related to
the cylinder form (where the diameters along the tree height are equal). The form factor can also be
associated to the quality of tree stem to obtain timber products [36] and with the wood yield in the
sawmiills [37]. To estimate the form factor (f) per tree the equation used was:

N Zv(i)smalian
Zv(i)cylinder

f )

where Y U()smatian i the sum of the ith tree volume obtained by the Smalian method in m3; ¥ V(i)cylinder
is the sum of the ith tree volume obtained by the adapted cylinder volume formula (7 x DBH?/4 x
Height) in m3.

3. Results

The total volume observed for all the 64 measured trees of Eschweilera genus was 26.70 m® with a
mean of 0.417 m3 per tree. The diameter at breast height (DBH) varied by 10.5 to 56.0 cm, with 56.25%
of the trees concentrated in the first DBH-class (10 to 19.99 cm). The highest form factor was 0.98 for
Eschweilera wachenheimii and the lowest was 0.65 for Eschweilera truncata. The form factor values of
Eschweilera genus varied inversely with DBH. Trees with DBH > 20 cm tended to present lower form
factors (0.65 to 0.75) and trees with DBH < 20 cm tended to present high form factors (0.90 to 0.97)
(see Table S2 for details).

All tested models showed high R? values (Table 3). The statistics of the dual input models
with the DBH and merchantable height (H) were slightly better than the single input models
that had only the DBH. The Pearson Correlation value for the variables DBH and merchantable
height (H) was 0.63, indicating a moderate correlation between these two variables. The highest
merchantable height measured was 17.0 m and the lowest was 5.0 m (Average of 10.1 m for all measured
trees). The highest values of merchantable height were found to for Eschweilera pseudodecolorans
(12.36 m), Eschweilera coriacea (11.67 m), and Eschweilera truncata (11.44 m). The lowest values of
merchantable height were found for Eschweilera atropetiolata (10.0 m), Eschweilera pedicellata (9.25 m),
and Eschweilera wachenheimii (8.53 m).

Model 3 (V = a + b x DBH?) tends to underestimate the volumes of trees with DBH < 15 cm.
Excluding model 3, all the other tested models presented the residuals distribution without bias.
The Hush model (V = a x DBHP) presented the best performance of all single input models tested.
Similarly, the Schumacher and Hall model (V = a x DBHP x HC) showed the best performance of all
dual input models tested (Figure 4).
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Table 3. Estimated coefficients of tested models using 64 sample trees of Eschweilera genus and their
respective statistics: p-value, R?, and standard error of estimate (S.E.E).

D Model Coefficients p R? S.E.E (m3)
a 0.00032 0
1 V = a x DBHP b 2.242681 0 0.97 0.07
c - .
a —8.413954 0
2 Ln(V)=a+b x In DBH b 2.348828 0 0.97 0.08
c . -
a —0.068854 0
3 V=a+b x DBH2 b 0.000841 0 0.97 0.07
c - i,
a 0.019768 0.743
4 V=a+b x DBH + ¢ x DBH? b —0.00712 0.135 0.97 0.07
C 0.00096
a 0.000089 0
5 V =a x DBHP x He b 2.107657 0 0.99 0.04
c 0.70496 0
a —9.18928 0
6 In(V)=a+b xInDBH +c¢ x InH b 2.023415 0 0.99 0.05
C 0.769948 0
a 0.003958 0.657
7 V=a+b x (DBH? x H) b 0.000062 0 0.98 0.05
c . .
a 0.000052 0
8 V =a x (DBH? x H)" b 1.018465 0 0.98 0.05
c - i,
o b c
Model 1 (V =ax DBH’) Model 5 (V=2ax DBHx HY)
1004 100-
9 504 . T 501
& . &
% & °® ° % . . o
3 0 = 0 ®
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Figure 4. Residuals vs. DBH of the best single input model tested (Model 1) and the best dual input
model tested (Model 5).

The forest inventory data of the two transects (10 hectares) showed that the most abundant genus
is the Eschweilera genus. Five thousand fifty-four trees with DBH > 10 cm were measured in the
year of 2010, in which 655 trees (11.19%) belonged to the Eschweilera genus. In second place, the
most abundant genus is the Protium genus (6.80%), and in third place is the Pouteria genus (6.51%).
Palm species were not included in the forest inventory data. The total volume of Eschweilera genus
in the two transects (N-S/E-W) was 234.60 m?, which represents 23.46 m3/ha. In terms of species,
the Eschweilera wachenheimii represents 23.99% (5.63 m3/ha) of the total volume of Eschweilera genus,
followed by Eschweilera coriacea (19.46%; 4.57 m?3/ha), Eschweilera truncata (15.85%; 3.72 m3/ha),
Eschweilera pseudodecolorans (8.12%; 1.91 m®/ha), and Eschweilera romeu-cardosoi (7.83%; 1.84 m? /ha).
The other species of Eschweilera genus represent 24.75% (5.81 m3/ha) of the total volume (Figure 5).
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Figure 5. Volume per hectare of Eschweilera genus in which five species (of 20 species identified by the
forest inventory in the N-S/E-W transects) represent almost 75% of the total volume of the genus.

4. Discussion

The resolution n° 406/2009 of the Conselho Nacional do Meio Ambiente (CONAMA) [38] states
that in the forest management plans in the Amazon, the minimum diameter for logging (DMC) has
to be greater than 50 cm for any species. In the north-south/east-west transects, the forest inventory
data showed that only 11 individuals of Eschweilera genus had a DBH greater than 50 cm, representing
1.57 individuals per hectare. The lower DBH classes concentrate 70% of the total volume per hectare
(Figure 6). Trees of the Eschweilera genus with a DBH > 50 cm are rare and sparse [25,26,28,39,40].
Paragraph 3 of the CONAMA resolution allows for changes to the minimum diameter permitted for
logging (DMC) [38]. For this reason, the manager must have the diameter distribution of the genus that
will be managed and information for the use and destination of the genus (sawmills or biomass facilities,
for example) [38]. In regard to the forest management of the Eschweilera genus, it is suggested that the
minimum diameter available for logging be lowered due to the fact that it is economically unfeasible
to manage Eschweilera trees with DBH greater than 50 cm in the central Amazon. Also, it is important
to concentrate the forest management of the Eschweilera genus on the intermediate DBH classes (20 to
29.99 cm; 30 to 39.99 cm; and 40 to 49.99 cm), excluding the extremes (10 to 19.99 cm; 60 to 69.99 cm;
and 70 to 79.99 cm) (Figure 6). This kind of approach can preserve future stocks of wood and biomass
for energy [18] (first class—10 to 19.99 cm) and the old /big trees which can perform several ecological
services like seed production and floral reproduction [41] (60 to 69.99 cm and 70 to 79.99 cm classes).

Volume (m*/ha)
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DBH classes

Figure 6. Total volume per hectare by DBH classes (cm) of the Eschweilera genus in the N-S/E-W
transects. The gray columns highlight the DBH classes (cm) to concentrate the forest management in
order to focus on the sustainability of the Eschweilera genus.
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It is estimated that there are approximately 16,000 tree species throughout all the Amazon
basin [16]. However, these differences are not well distributed in terms of number of individuals
(abundance) [16]. There are only a few botanical genera that represent nearly half of all trees in the
Amazon, with the Eschweilera, Protium, and Euterpe genera being the most abundant [16,40,42]. Trees
of the Eschweilera genus, aside from their huge abundance in the Amazon basin [16], have a large
density of individuals in the central Amazon [28]. The timber companies of the Amazon region have
logged just a few genera, and fitted equations to estimate the wood volume of the forest using different
species [22,43]. There are many errors associated with this kind of approach, due to the fact that the
stems of the tropical trees have numerous types of form factors [23,24] and that just a few genera are
managed for the procurement of wood products [44].

The high canopy levels and the presence of vines make it difficult to determine tree height
measurements, which increases non-sampling errors [45—47]. Thus, the Husch single model
(V = a x DBHP) presented the best performance (R* = 0.97 and S.E.E = 0.07) and is the most appropriate
model to estimate the volume of the Eschweilera genus in the Manaus region. However, the
consolidation of technologies that can reduce the non-sampling error of tree height measurements in
tropical forests, such as the portable profiling laser scanning technology (Light Detection and Ranging
(LiDAR)) [48,49], the Schumacher and Hall double entry model (V =a x DBHP x H¢) (R? = 0.99 and
S.E.E = 0.04), could be used due to the best fit compared with all other models evaluated. In summary,
when the merchantable height data are collected using accurate methods, the Schumacher and Hall
model (V =a x DBHP x H) is the most appropriate, otherwise the Husch model (V = a x DBHP) is
the best option.

In the Amazon forest, tree height measurements are normally made by the visual estimation of
this variable and, additionally, this variable can also be estimated by the use of a clinometer and a
tape measure [50,51]. Using the clinometer approach, the understory has to be cleared away from
the target direction to triangulate the measurements [51]. For the climbing technique with the use of
ropes method, a tape measure is attached to the climber, thereby making it possible to measure the tree
height directly without cutting the understory. The impacts on the environment are negligible and,
in this study, amounted on average to four trees measured a day.

Compared to other traditional climbing methods like the use of climbing spikes, for example,
that can be dangerous due to the significant weight of the equipment and the continuous contact with
the trunk [9,12], the climbing technique with the use of ropes method has many safety advantages [9]
and it has been widely reported in many studies [8,9,11]. Using the appropriate equipment like
ascenders and descenders (Petzl® stop descender model, Recreational Equipment, Inc., Seattle, WA,
USA, for example) the climber can descend quickly in an possible emergency (in case wasps or bees
attack, for example) and access the first branches of the crown more quickly and easily [44,45].

The climbing techniques using ropes amounted to four trees measured a day, and although the
production is lower than destructive methods, the costs are lower and the impacts on the environment
are negligible. The stem form is an important variable to consider when the objective is to use
a non-destructive method to measure the volume and biomass. The Eschweilera stem is relativity
cylindrical (0.83 was the average form factor obtained by all the sixty-four trees measured by this
study), without irregularities to the bole, callus, and hollows [15,28]. Species with irregular stems
like Minquartia guianensis (Acariquara), Aspidosperma nitidum (Carapanatba), and large diameters like
Dinizia excelsa (Angelim) may decrease the accuracy and the production of the tree climbing with ropes
method when the objective is to adjust volume or biomass equations.

5. Conclusions

Volume equations fitted for a single genus can be a good alternative for forest management in
the Amazon region. The non-destructive method using climbing techniques with ropes is a potential
alternative to destructive methods to adjust volume equations for the Eschweilera genus. The Husch
model (V = a x DBHP) (a = 0.000320; b = 2.242681; R?> = 0.97; and S.E.E = 0.07 m?®) which does
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not need a merchantable height (because the high uncertainty associated with the measurements of
this variable in tropical forests) is the best model to estimate the volume for the Eschweilera genus.
However, when the forest inventory is supported by portable profiling laser scanner imagery such as
LiDAR (Light Detection and Ranging), the non-sampling errors of tree height measurements decrease
significantly and the Schumacher and Hall model (V =a x DBHP x HC) (a = 0.000089; b = 2.107657;
c = 0.704960; R? = 0.99; and S.E.E = 0.04 m3) can be used to generate volumes more precisely.

Supplementary Materials: The following are available online at www.mdpi.com/1999-4907/8/5/154/s1,
Table S1: Measured sample trees, Table S2: Dendrometric variables.
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