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A B S T R A C T

The semiarid savannas, in particular the Caatinga Biome, are important components o the terrestrial carbon
cycle in terms o global carbon storage. Despite this importance, little inormation is available regarding biomass
production potential o caatinga species. The objective o the study was to develop allometric equations to es-
timate aboveground biomass o Dalbergia cearensis Ducke trees. The semi-destructive method was used to collect
samples in which the diameter at breast height (D), wood density (ρ), and tree height (H) were the aboveground
dry biomass (AGB) estimation variables. The research was conducted in three dierent localities o the semiarid
region in the state o Ceará, Brazil. Fresh biomass measurement was divided in two parts: trimmed resh biomass
and untrimmed resh biomass. Measurements were taken or 30 trees. Height, trunk diameter, and branch di-
ameters were measured or each individual. Lea and small branch aliquots were taken. The volume o branch
aliquots was utilized to calculate wood density. Tree dry biomass was obtained by adding trimmed dry biomass
and untrimmed dry biomass (AGB, in kg). In all, eight allometric equations were developed or D. cearensis and
tested or goodness-o-t statistics. The best allometric equations were selected based on each model’s peror-
mance statistics (R2-adj, RSE, and AIC). O the eight regression models developed and tested to estimate
aboveground biomass o Dalbergia cearensis trees, six attained acceptable perormance statistics. The regression
model or D. cearensis that utilized the single compound predictive variables DH (model 1) was the most robust,
ollowed by the model using single compound variables ρDH (model 2), and multiple variables D + H (model 3).
The methodology applied in this study can be adopted to estimate biomass and volume o a broader set o other
species rom the Brazilian seasonally dry tropical orest.

1. Introduction

The semiarid savannas, in particular the Caatinga Biome, are
important components o the terrestrial carbon cycle in terms o global
carbon storage (Pereira Júnior et al., 2016; Santos et al., 2014). Glob-
ally, the savannas are undergoing rapid changes in land cover that
threaten biodiversity and aect ecosystem productivity through loss o
habitat, biomass, and through carbon emissions into the atmosphere
with heavy impacts on climate change (Dimobe et al., 2018; Santos
et al., 2011; Santos et al., 2014).

The Brazilian seasonally dry tropical orest (caatinga) has a high
diversity o woody plants despite the extreme water restriction imposed
by the environment in which it is located (Araújo et al., 2007,

Albuquerque et al., 2012). Excepting legally protected areas, most
vegetation is cut or the use o low input agriculture and native pasture
(Figueirôa et al., 2006; Araújo Filho et al., 2018) and or the production
o charcoal and rewood (Ramos et al., 2008; Albuquerque et al., 2012).
Indeed, the caatinga is the least protected o all Brazilian ecosystems,
with only about 7% o its territory in conservation units, and only 1%
under ull protection (Santos et al., 2014). Despite this anthropic pres-
sure, little inormation is available regarding biomass production po-
tential and carbon stocks o caatinga species (Santos et al., 2011). From
the perspective o ecological economics, this gap in knowledge is trou-
bling. Considering the economy as a subsystem o society, and society as
a subsystem o nature, it is imperative to understand the importance o
the vegetation to the survival o the biome on a larger scale, and to

* Corresponding author.
E-mail address: cbarbozanogueira@hotmail.com (F.C.B. Nogueira).

Contents lists available at ScienceDirect

Forest Ecology and Management
journal homepage: www.elsevier.com/locate/foreco 

https://doi.org/10.1016/j.oreco.2021.118920
Received 30 November 2020; Received in revised orm 30 December 2020; Accepted 31 December 2020



Forest Ecology and Management 484 (2021) 118920

2

address regional societal and economic issues within that ramework,
rather than allowing the anthropic pressure o short-term survival needs
to continue to destroy unchecked a biome that appears to be more and
more essential in terms o carbon store capacity in the context o a
warmer, drier planet (Costanza, 2020; Albuquerque et al, 2012).

Furthermore, given the present global scenario o rampant deores-
tation and orest res, it is essential to invest in strategies to preserve the
planet’s orest cover (Gardner et al., 2012). To this end, orest biomass
assessment can be used as an indicator o orest productivity and
nutrient cycling (Clark and Murphy, 2011), as well as or estimating
carbon stocks or payment (Alongi, 2011), mapping carbon stocks
(Scoloro et al., 2015) and renewable biomass as a potential or miti-
gating global warming (Dhillon and von Wuehlisch, 2013).

An assessment o orest carbon can be achieved by applying reliable
allometric equations in order to estimate aboveground biomass (Picard
et al., 2012; Henry et al., 2013). Accomplishing this requires local
allometry and such biomass models require data at tree level, generally
registered in orest inventories (Brown et al., 1989; Teobaldelli et al.,
2009). To estimate biomass or volume o aboveground components o
trees, allometric equations based on dierent independent variables,
such as diameter, height, and wood density, are utilized (Chave et al.,
2014).

Biomass estimation equations, or regression models, are being
developed or many plants o semiarid and desert ecosystems in various
regions o the planet (Hu et al., 2017; Feyisa et al., 2018; Io et al.,
2018; Ma andWang, 2020), or moist tropical orests (Djomo and Chimi,
2017), or estimating plant crown (Aholoukpè et al., 2013), or mono-
specic stands (Brunori et al., 2017), stands o uniorm age (Skovs-
gaard and Vanclay, 2008), stands with trees o varying ages (Sillett et al.,
2019), and orest stands o unequal size (Pukkala et al., 2009). Few
studies, however, have been developed to predict the aboveground
biomass using allometric models in semiarid savannas, such as the
caatinga (Scoloro et al., 2015), and no studies have been conducted on
biomass prediction or Dalbergia cearensis Ducke, a orest species
endemic to the semiarid region o the Northeast o Brazil.

While still limited, some eorts have been undertaken over the last
two decades to derive specic and local models or estimating caatinga
biomass (Sampaio et al., 2010; Mendonça et al., 2013). Sampaio and
Silva (2005) developed equations to estimate total biomass and biomass
o dierent parts o the plants or ten o the main caatinga species. Such
locally-developed regression models or specic species are signicant,
because aboveground biomass assessment is infuenced by the types o
orest structure, soil, and land use (Picard et al., 2012). Allometric
models vary among species and or a given species in dierent ecological
regions (Yen and Lee, 2011; Alvarez et al., 2012; Vahedi et al., 2014).

Our study utilized the semi-destructive method or attaining the
ollowing objective: to develop the best species-specic allometric
equations or estimating aboveground biomass Dalbergia cearensis trees.

2. Materials and methods

2.1. Focal species

The species Dalbergia cearensis, Fabaceae amily, characteristic o the
caatinga o the Brazilian Northeast, is known by the common names
Brazilian kingwood, jacarandá-violeta, miolo-de-negro, pau-violeta and
violeta (Carvalho, 1997). The tree has a lightly aromatic wood, and in its
resh state, possesses brown-light purple regularly spaced stripes (Did-
ier, 1992). This tree historically has had high economic value due to its
various specialty uses: urniture, ornaments, notched boxes and cases,
knie handles and decorative objects (Rizzini, 1978). Its wood was
requently used by the ebéniste cabinetmakers during the reigns o Louis
XIV and Louis XV in France, as well as during the entire Georgian period
in England. Dalbergia cearensis is credited with having contributed
enormously to the heyday o French marquetry in the 18th century.
Where once it was abundant all along coastal Ceará, extending into some

central areas o the state as well, nowadays it is practically extinct,
because, in addition to being tracked by pirates or use in European
woodworking, armers utilized the wood or ence construction due to
its resistance to moisture and pest attacks and diseases present in the soil
(Campos, 1994). The data rom the Ceará orest inventory reinorce and
conrm the scarcity o D. cearensis in the state o Ceará (CEARÁ, 2016).
Today its main commercial uses include antique urniture restoration
and the manuacture o musical instruments.

2.2. Area characteristics

The study was conducted in the Brazilian Northeast, in the state o
Ceará. Three areas in three dierent municipalities were chosen based
on the state o vegetation conservation and the presence o the species
D. cearensis:

Area 1 - Lagoa de Dentro Farm, with an area o 1149.74 ha. The arm
is located in the municipality o Itapipoca, with the ollowing
geographic coordinates: Latitude  03◦15′12.16′′ S and Longitude 
39◦40′49.3′′ W (Fig. 1). The arm was transormed into a rural worker
settlement by the National Institute o Colonization and Land Reorm – 
INCRA. The climate o Itapipoca is classied as Semiarid Hot Tropical
and Mild Semiarid Hot Tropical, with an annual average rainall o
1130.40 mm, concentrated in the months o January to May, with sig-
nicant drought or 4 to 6 months, and an average temperature o 26 ◦C
to 28 ◦C (IPECE, 2017a). The area presents an altitude o 50 m above sea
level, located on coastal tablelands whose surace is made up o mini-
mally lithied sediment deposition, with a predominance o pedogenetic
processes and well-drained thick, sandy, and sandy-clayey soils. The
predominant soil classes in the area are Arenosols, Ferralsols, and
Acrisols, per IUSS Working Group WRB (2015) classication. Forest
cover is mainly semi-deciduous seasonal orests.

Area 2 – Conservation Unit known as the Não me Deixes Farm Private
Natural Heritage Reserve (RPPN), in the municipality o Quixadá, with
the ollowing geographic coordinates: Latitude  04◦49′34′′ S and
Longitude 38◦58′9′′ W. The Não Me Deixes Farm has a total area o 928
ha. In 1998, 300 ha o the arm were turned into a Conservation Unit, in
perpetuity, by the Brazilian Institute o Environment and Renewable
Natural Resources – IBAMA. The climate o Quixadá is classied as
Semiarid Hot Tropical with dry winter and rainy summer - BSh ac-
cording to Köppen-Geiger, with an annual average rainall o 731 mm,
concentrated in the months o January to June (FUNCEME, 2020). The
average annual temperature is 28.2 ◦C, the average high is 33.4 ◦C and
the average low is 22.9 ◦C (INMET, 2020). Annual sunlight is 3143.8 h,
with the lowest amount registered in March (216.5 h month1) and the
highest in October (368.1 h month1) (EMBRAPA, 2004). Geologically,
the area o study is located within the Ceará Complex – Canindé Unit:
paragneisses at dierent levels o metamorphism-migmatization,
including acidic orthogneisses, metabasic rocks, dioritic, metagabrous,
metaultramac, quartzite, and metacalcareous gneisses (CPRM, 2003).
The water resources present at the arm consist o three natural lakes,
one articial lake (reservoir), and small intermittent streams. Forest
cover is mainly thorny deciduous arborous Caatinga vegetation. The
area has an altitude o 210 m above sea level, with a signicantly fat-
tened topography, typical o terrains that have undergone processes o
pediplanation imposed by the rigorous conditions o semiaridity. Luvi-
sols, Lixisols, and Acrisols are the predominant soil classes in the area,
per IUSS Working Group WRB (2015) classication.

Area 3 – Normal Farm, with an area o 1507.65 ha, located in the
municipality o Quixeramobim, Ceará, belonging to the Technical
Assistance and Rural Extension Company o Ceará – EMATER/CE, with
the ollowing geographic coordinates: Latitude  5◦07′12.1′′ S and
Longitude  39◦10′33.3′′ W. Forest cover at Normal Farm has been
modied extensively as a result o agricultural research activities, but
there remain areas o orest reserve that have undergone minimal
human intervention. The climate o Quixeramobim is classied as
Semiarid Hot Tropical, with annual average rainall o 707.7 mm,
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concentrated between the months o February and April, and average
temperature o 26 ◦C to 28 ◦C (IPECE, 2017b). The area presents an
altitude o 302 m above sea level, with a signicantly fattened topog-
raphy, typical o terrains that have undergone processes o pediplana-
tion imposed by the rigorous conditions o semiaridity. Luvisols and
Planosols are the predominant soil classes at the arm, ollowing IUSS
Working Group WRB (2014) classication, and the vegetation is clas-
sied as shrubby, thorny deciduous Caatinga.

2.3. Data collection

Trees were selected within three previously identied areas ac-
cording to species abundance until reaching the number o 30 in-
dividuals. The trees had diameters at breast height that varied rom a
minimum o 5 cm to 20.05 cm. In Area 1, 12 individuals o D. cearensis,
with DBH between 7.32 cm and 20.05 cm, were randomly chosen rom
those identied within the Legal Reserve o the Lagoa de Dentro Settle-
ment In Area 2, we selected 14 trees at sites with a greater abundance o
D. cearensis according to Nogueira et al. (2014). From Area 3, we chose
our individuals, with diameters between 7 cm and 20 cm, within the
Normal Farm Legal Reserve. The criteria we ollowed during sampling
were to avoid trees that were hollow, that had a twisted trunk or that
had a damaged crown.

2.4. Field measurements

Field data collection ollowed the Manual or Building Tree Volume
and Biomass Allometric Equations (Picard et al., 2012), as well as
Kebede and Soromessa (2018), and Daba and Soromessa (2019). Fresh
biomass measurement (kg) was divided into two parts: trimmed resh
biomass and untrimmed resh biomass. Trunks and large branches (basal

diameter (BD) ≥ 5 cm) were not cut; only small branches were trimmed
(diameter< 5 cm). This diameter was chosen due to the architecture and
size o the trees.

In the eld, dendrometric variables were measured, including tree
height (H, in m), diameter at ground level (DGL, in cm, measured at 20
cm rom the ground, or the purpose o calculating trunk volume) and
diameter at breast height (D, in cm, measured at 1.30 m rom the
ground) o the trunk. For large branches, we measured basal diameter
(BD, in cm), diameter at the upper extremity (UD, in cm), and length (L,
in cm). The criterion used or measuring the diameter o branches was
the distance rom the base to the rst biurcation. The diameter o trunk,
large branches, and small branches was measured using a manual
caliper. On trunks where the aperture o the caliper was too small, we
utilized a measuring tape. In this case, the circumerence was divided by
π (pi). Tree height was measured using a measuring tape. In trees with
multiple trunks, each trunk was considered a separate tree.

2.5. Measuring trimmed fresh biomass

A ladder was utilized to reach the upper extremities o the trees. In
the rst area, three branches o each plant were trimmed or measure-
ment, with the help o a handsaw. Next, leaves were separated rom
trimmed branches. Fresh lea biomass and resh wood biomass rom
trimmed branches were weighed and determined separately. Weight
was registered using an electronic eld scale. Wood and lea aliquots
were collected or lab analysis. In areas 2 and 3, located in a region with
less moisture than area 1, we elt that cutting three branches would
cause too much harm to the architecture o the trees and, thereore,
opted to cut only one branch rom each tree. From this single branch, we
extracted three wood aliquots.

It was only easible to collect leaves or building the lea aliquots in

Fig. 1. Location map o Areas 1, 2 and 3, respectively, in the municipalities o Itapipoca, Quixadá and Quixeramobim, state o Ceará, Brazil.
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Area 1. Random lea samples rom three dierent trimmed branches
were collected to make up the aliquot and, ollowing that, the resh lea
weight was measured (g). No lea collection was possible in Areas 2 and
3 because D. cearensis trees are deciduous and at that point no longer had
any oliage.

Three wood aliquots (15 cm each) and three lea aliquots (250 g
each, Area 1 only) were taken rom the trimmed material o each indi-
vidual tree. This material was taken to the lab or analysis o dry weight
and moisture content. Volume o wood aliquots was calculated on the
day they were collected. Graduated tube and scale were transported to
the eld or this evaluation. The wood aliquot volume (cm3) was
determined using water displacement in a 1000 mL graduated tube, and
later used in calculating mean wood density (g cm3). Oven temperature
was set to 75 ◦C or lea aliquots and 105 ◦C or wood aliquots in order to
determine dry weight. Aliquots were dried until constant weight was
achieved. Lea aliquots reached constant weight in approximately 48 h
while the wood aliquots took approximately 72 h.

2.6. Measuring untrimmed fresh biomass

Fresh biomass or untrimmed small branches was measured by
means o the relationship between dry biomass and branch basal
diameter. This was done by ormulating an allometric model that was
tted or a set o regressive dry biomass data or small trimmed branches
in relation to their basal diameter. Biomass or trunk and large branches
was estimated by means o volume (Vi in cm 3) and mean wood density
(ρ in g cm -3) measurements.

2.7. Calculations

Tree dry biomass was calculated as the sum o trimmed dry biomass
and untrimmed dry biomass:
(Btrimmed dry + Buntrimmed dry) (1)

2.7.1. Calculating trimmed biomass
Wood moisture content (Хwood) was calculated rom Baliq_dry_wood (dry

wood biomass aliquot) divided by Baliq_fresh_wood (trimmed resh wood
biomass aliquot), including the bark, as ollows:
Xwood = Baliq dry wood/ Baliq fresh wood (2)

Similarly, leamoisture content (Х leaf) was calculated by dividing the
dry lea aliquot Baliquot_dry_leaf by the resh lea aliquot Baliquot_fresh_leaf, as
ollows:
Xleaf = Baliquot dry leaf / Baliquot fresh leaf (3)

Trimmed dry biomass (B_trimmed_dry) was calculated as ollows:
B trimmed dry = Baliq fresh woodxXwood +Btrimmed fresh leaf xXleaf (4)

where Btrimmed_fresh_wood is the resh wood biomass rom the trimmed
branch and Btrimmed_fresh_leaf is the resh lea biomass rom the trimmed
branch.

2.7.2. Calculating untrimmed biomass
The trunk, main branches, untrimmed small branches, and leaves are

the main components o untrimmed dry biomass. The mean resh lea
biomass rom trimmed branches was multiplied by the total untrimmed
small branches and by lea moisture content in order to obtain the dry
lea biomass rom untrimmed branches (Bdry_leaves). The sum o the three
results gives us the untrimmed dry biomass (Buntrimmed_dry):
Buntrimmed\_dry = Buntrimmed\_dry\_branch + Bdry\_trunk + Bdry\_leaves (5)

where Buntrimmed_dry_branch: untrimmed dry branch biomass, Bdry_leaves:
untrimmed dry lea biomass, and Bdry_trunk: dry trunk biomass.

For purposes o analyzing the volume o dry sections, each i section

o trunk and large branch was considered a cylinder and calculated using
Smalian’s ormula.

Vi = (π / 8) Li(D2
1i + D2

2i) (6)

where Vi is the volume o section i, Li its length, and D1i is the diameter
at base (BD) and D2i is the diameter at upper extremity (UD) o section i.
Because this species orms branches very close to one another, each
section i o the trunk and large branches were considered as ollows:
trunk – the distance rom ground level to the rst ramication and large
branches – the distance between two ramications.

Dry trunk and large branch biomass (Bdry_section) was calculated the
same way (product o mean wood density and total large branch and
trunk volume).

Bdry section = ρ x
∑

iVi (7)

The sum corresponds to all the sections o large branches and trunks
and mean wood density was calculated as:
ρ = Baliquot dry wood/ Valiquot fresh wood (8)

Small branch biomass was calculated using a model between dry
biomass and the basal diameter o trimmed small branches. This model
was established ollowing the same procedure utilized or developing an
allometric model (Picard et al., 2012).

The ollowing linear equation was used:
Bdry branch = a + bD (9)

where a and b are the model parameters and D is the basal diameter o
the branch. Using this model, the untrimmed dry branch biomass was
calculated as:

Buntrimmed dry branch =
∑

j
(a + bDj) (10)

where Buntrimmed_dry_branch is the sum o all the untrimmed small branches
and D is the basal diameter o branch j.

2.8. Data analysis and model selection

Ater eld and lab measurements were concluded, the data were
compiled in Excel worksheets. The summarized data or D, H, wood
density, and AGB were utilized to develop the biomass regression
models. The sotware Statistical Package R (version R 3.3.0) was used to
ormulate the allometric equations.

Biomass regression models were selected based on goodness-o-t
statistics, including coecient o determination (R 2 adjusted), resid-
ual standard error (RSE), Akaike Inormation Criterion (AIC), and p-
value. AIC is an estimator o the relative quality o statistical models or
a given set o data. The comparison o models with the same response
variables was conducted or model selection purposes. A perda do poder
de previsão de R2 ajustado oi avaliado para os modelos 1 a 4 através da
ANOVA. The AIC estimated the quality o each model in relation to each
other.

AIC is expressed as:
AIC =  2ln (L)+ 2p  

where L is the likelihood o the tted model and p is the total number o
parameters in the model. In comparing two models, the better one has
the lower AIC value.

3. Results

Allometric equations were developed rom the relationship o AGB to
variables D, H, and wood density (ρ), individually and in combination.
Data on the principal variables (D and H) were generated rom direct
eld measurements, while data or AGB and ρ were calculated rom eld

F.C.B. Nogueira et al.



Forest Ecology and Management 484 (2021) 118920

5

samples and laboratory measurements. A descriptive summary o the
principal variables is presented in Table 1.

Replicating Daba and Soromessa (2019), regressed models or
biomass were ormulated relating AGB to predictive variables (D, H, and
ρ). Each o these dendrometric variables, and their combinations, were
used to t the allometric equations. In all, eight allometric equations
were developed or D. cearensis and tested or goodness-o-t statistics.
O the models selected, seven achieved model perormance statistics
with a value over 50% o the coecient o determination (R2-adjusted)
and lower value (≤0.721) o the residual standard error (RSE) and lower
value (≤69.44) o the Akaike inormation criterion (AIC). The re-
lationships between AGB and the dendrometric variables were statisti-
cally signicant (p < 0,000), as summarized in Table 2.

We evaluated the relationship between the main variables consid-
ered by correlating AGBwith individual predictive variables (D, H); AGB
with single compound variables (D2H, DH, ρDH); AGB with multiple
variables (D + H + ρ, D2H + ρ, D + H). Each biomass regression model
was tted based on data transormed logarithmically and each achieved
goodness-o-t statistics or the model. However, based on the high AIC
value or model 8, the relationship between AGB and H (as a simple
predictive variable) was considered the poorest model. The best allo-
metric equations were selected based on a model’s perormance statis-
tics (R2-adj, RSE, and AIC). The models that perormed the best
D. cearensis biomass regressions are listed below in decreasing order o
importance based on AIC value.

Model 1 (AGB = 0.024 × (DH)1.878) or D. cearensis, which predicts
AGB variation in relation to the single compound predictors DH, is the
best model (Fig. 2). The R2-adj value tells us how much AGB variance
can be credited to the model i it is derived rom the population rom
where the sample was taken. In this model, the predictive variables
explain 66.80% o AGB variation. However, the ANOVA tells us that
model 1 adheres signicantly to the data (Fvalue = 59.399, p < 0.000),
and the hypothesis o normal residual distribution is veried visually in
the quartile-quartile graph (Fig. 2). Its lower AIC value indicates that
this model is the best in comparison with the other models.

The second best-tted biomass regression was model 2 (AGB =
0.036× (ρDH)1.876), which related AGB to the single compound variable
(ρDH) (Fig. 3). The predictive variable o this model explains 65.70%
(R2-adj) o AGB variation (ANOVA, Fvalue = 56.733, p < 0.000). This
model also achieved a satisactory goodness-o-t perormance statistic,
considering the values o RSE and AIC.

Model 3 (AGB = 0.016 × (D)1.713 × (H)2.325), which relates AGB to
the multiple variables diameter at breast height (D) and height (H) was
the third best allometric equation (Fig. 4), considering its goodness-o-it
statistics. The value o R2-adj also indicates that the predictive variable
in this model explained 66% o the AGB variation o the tree species
D. cearensis (ANOVA, Fvalue = 50.116, p < 0.000).

Model 4 (AGB= 0.063× (D2H)1.055), Fig. 5, which relates AGB to the
single compound variable (D2H) was the ourth best-tted allometric
equation, considering its goodness-o-t statistics. The R2-adj value also
indicates that the predictive variable o this model explained 64.10% o
AGB variation or the tree species D. cearensis (ANOVA, Fvalue = 52.922,
p < 0.000).

Model 5 (AGB = 0.011 × (D)1.676 × (H)2.356 × (ρ)-1.993), Fig. 6a,
model 6 (AGB = 0.049 × (D2H)1.047 × (ρ)-1.477), Fig. 6b, and model 7

(AGB = 0.286 × (D)2.280), Fig. 6c, achieved a goodness-o-t statistic
inerior to the rst our models (AIC, RSE, and R2-adj). Model 8 (AGB =
0.025 × (H)4.252), Fig. 6d, which related AGB to H as the single pre-
dictive variable explained 42.30% (R2-adj) o AGB, and was the lowest
value among all the other models.

The relationship between AGB and predictive variables (D, H, ρ) is
not linear and biomass variance increases when the diameter increases,
or example. By working with data transormed algorithmically, the
residual variance stabilizes. Fig. 7 shows that the biomass logarithm ln
(B) in relation to the diameter logarithm ln (D), to the height logarithm
ln (H), and to the wood density logarithm ln (ρ) corresponds to a linear
relationship or the 30 individuals o D. cearensis.

4. Discussion

There is a worrisome lack o both sustainable policies and multi-
disciplinary research in the caatinga biome (Santos et al., 2014; Santos
et al., 2011). From an ecological-economic perspective, this poses
challenges to the development o climate change mitigation strategies in
the context o the extreme anthropic pressure the caatinga aces. The
strategy o sequestering carbon (C) in terrestrial ecosystems, by means o
the natural photosynthetic process o transerring atmospheric CO2 to
biomass, is essential to lowering the risks o global warming and envi-
ronmental degradation (Lal, 2008). It has been suggested that caatinga
plants under increased CO2 concentration have increased water-use e-
ciency and tolerance to periods o prolonged drought (Santos et al.,
2014), and a recent study indicated that the Brazilian seasonally dry
tropical orest (caatinga) acts as an atmospheric carbon sink (Mendes
et al., 2020). For this reason, precise estimation o caatinga tree biomass
provides a powerul tool or planning the mitigation o climate change.
Hence, the construction o allometric equations or calculating volume
and biomass, predicted by means o dendrometric variables, are key
elements in estimating the contribution o orest ecosystems to the
carbon cycle (Picard et al., 2012).

In this study, we benetted rom a set o measured data o the
trimmed and untrimmed resh biomass o the species D. cearensis. These
data included the dendrometric variables diameter at breast height and
tree height, and allowed us to calculate wood density. Using these var-
iables, we were able to generate models to predict AGB.

The regression model or D. cearensis that utilized the single com-
pound predictive variables DH (model 1) was the most robust, ollowed
by the model o single compound variables ρDH (model 2), and multiple
variables D + H (model 3). The R2-adjusted or model 1 (R2-adj =
0.668), or model 2 (R2-adj = 0.657), and or model 3 (R2-adj = 0.660)
tells us howmuch biomass variance can be credited to the models. These
values are modest when compared to those ound by Sampaio and Silva
(2005) to estimate the biomass o ten species o caatinga plants. One
likely reason or the uncertainty identied by the statistic was the
consideration o wood density as identical or all tree components,
though wood aliquots were collected solely rom small branches.
However, both tree architecture as well as legal considerations due to
our conducting the research in environmentally-protected areas limited
our ability to measure wood density using larger branches.

Similar studies explain the robustness o allometric models that
consider the combined predictive variables o D, H, and ρ applied to a
single species in the Mediterranean (Brunori et al., 2017), in moist
Aromontane orests (Kebede and Soromessa, 2018; Daba and Sor-
omessa, 2019), in dry tropical orests (Návar, 2009) and in carbon as-
sessments in tropical orests (Ploton et al., 2016; Chave et al., 2014).

Among the models that utilized wood density, models 5 and 6, which
related biomass to multiple variables, were less ecient than the single
compound variable model (model 2). In model 2, the wood density
exponent is positive, whereas or models 5 and 6 this exponent is
negative. From a biological point o view, a positive exponent is more
satisactory than a negative one since the biomass is the product o a
volume that depends exclusively on the tree dimensions and its density.

Table 1
Statistical summary o the main dendrometric variables.
Variables* Min. Max. Mean SD

AGB 9.29 1296.53 110.31 230.41
D 5.00 20.05 10.58 4.02
H 4.30 8.30 6.13 1.05
ρ 0.76 0.88 0.81 0.02
* AGB = aboveground biomass (kg), D = diameter at breast height (cm), H =

height (m), ρ = wood density (g cm3), SD = standard deviation.
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The result omultiplying volume times density with a negative exponent
is lower than the result o multiplying the volume times density with a
positive exponent.

Biomass regression model 8, where H was the only predictor o
D. cearensis AGB, achieved terrible results. Daba and Soromessa (2019)
obtained a similar result when evaluating AGB biomass allometric
equations or Diospyros abyssinica. Not only is variable H hard to mea-
sure in the eld, but environmental actors such as soil, ecological suc-
cession, and type o orest aect tree development and growth (Picard et
al, 2012). Furthermore, the adaptive morphology o some species points
to a weak relationship between AGB and H (Kohyama et al., 2003). On
the other hand, the incorporation o variable H guarantees greater

precision o the allometric estimation in some species o trees and has
been emphasized by several authors (Ketterings et al., 2001; Chave
et al., 2014; Molto et al., 2014).

The most common allometric equations make use o predictive var-
iables D, H, and ρ, and their combinations, or a more precise estimation
o AGB. Diameter at breast height (D) is easy to measure in the eld; H
captures the variation o volume among trees; and wood density is used
to convert volume into biomass (Brown et al., 1989). Models that
include diameter and wood density, but not height, tend to overestimate
the aboveground biomass (Alvarez et al., 2012) while Aabeyir et al.
(2020) ound diameter at breast height and wood density to be the main
predictors signicantly infuencing AGB variability. Chave et al. (2014)

Table 2
Regression models with goodness o t or predicting AGB o Dalbergia cearensis.
Model Allometric equations Coecients Perormance statistics

Symb. Value R2adj RSE AIC p-value

1 ln (AGB) = a + b1ln(DH) a 3.710 0.668 0.635 61.85 < 0.000
b1 1.878

2 ln (AGB) = a + b1ln(ρDH) a 3.310 0.657 0.645 62.78 <0.000
b1 1.876

3 ln (AGB) = a + b1ln(D) + b2ln(H) a 4.135 0.660 0.643 63.48 <0.000
b1 1.713
b2 2.325

4 ln (AGB) = a + b1ln(D2H) a 2.763 0.641 0.660 64.16 <0.000
b1 1.055

5 ln(AGB) = a + b1ln(D) + b2ln(H) + b3ln(ρ) a 4.524 0.651 0.651 65.11 <0.000
b1 1.676
b2 2.356
b3 1.993

6 ln (AGB) = a + b1ln(D2H) + b2ln(ρ) a 3.018 0.630 0.670 65.97 <0.000
b1 1.047
b2 1.477

7 ln (AGB) = a + b1ln(D) a 1.249 0.572 0.721 69.44 <0.000
b1 2.280

8 ln (AGB) = a + b1ln(H) a 3.676 0.423 0.837 78.44 <0.000
b1 4.252

AGB: aboveground tree biomass (kg); D: diameter at breast height (cm); H: total tree height (m); ρ: wood density (g cm3); a: intercept; b1,b2,b3: slopes; R2-adj: R square
adjusted; RSE: residual standard error; AIC: Akaike inormation criterion.

Fig. 2. Graph o residuals as a unction o tted values (let) and quantile–quantile graph (right) o residuals rom simple linear regression o ln(AGB) in relation to ln
(DH) (model 1), tted or the 30 D. cearensis trees.

Fig. 3. Graph o residuals as a unction o tted values (let) and quantile–quantile graph (right) o the residuals rom the simple linear regression o ln(AGB) in
relation to ln(ρDH) (model 2), tted or the 30 D. cearensis trees.
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suggested that a single AGB model based on D, H, and ρ would have a
wide range o applications in a tropical orest.

Wood density was suggested as the reason or improved goodness o
t o allometric models when used as a predictor in combination with D
and H (Chave et al., 2014; Basuki et al., 2009). On the other hand, the
inclusion o wood density did not provide signicant gains or the
equation involving the variables height, crown diameter, and diameter
at breast height (Araújo et al., 2018). Complementarily, when utilizing
wood density as a single variable in predicting AGB o D. abyssinica,
Daba and Soromessa (2019) did not nd the allometric equation to be
statistically signicant, and thus rejected it. Given these contradictory
ndings, it would seem that wood density as a predictive variable o
biomass will continue to generate debate, and, thereore, remains a
subject worthy o urther study. Wood density is one o the physical
properties that are inherent to a species. However, in dierent envi-
ronments wood density varies between individuals, between species,
and between individuals o the same species. Thereore, wood density
refects the physiological strategies related to tree growth and survival.
As such, variations o location and individual adaptation strategy may
be the reason wood density did not correlate with the AGB o the species
D. abyssinica (Daba and Soromessa, 2019).

Model 7, constructed with the diameter at breast height (D) o
D. cearensis, as its single predictive variable, explained 57.20% o AGB
(R2-adj). We considered this prediction low, given the results o the
previous models. However, other studies suggest that models built using
diameter at breast height (D) as the single predictive variable guarantee
a signicant level o AGB prediction. Kuyah et al. (2016) and Kebede
and Soromessa (2018) emphasize that the diameter at breast height in
itsel is a good predictor o biomass. These authors state that diameter,
as a single predictive variable, is better than models that include height
and crown area, when taking into account the cost and practicability o
measurement. Moreover, the use o models in which tree biomass is
determined solely by diameter at breast height has a practical advantage
in that most inventories include diameter measurements as they are easy
to collect with precision in the eld (Segura and Kanninen, 2005;
Kebede and Soromessa 2018; Feyisa et al., 2018).

Sampaio and Silva (2005) used plant height, trunk diameter at

ground level, and trunk diameter at breast height to develop allometric
equations o caatinga trees. Two distinct locations were selected within
the Sertaneja Depression, the geoenvironmental unit most typical o the
northeastern semiarid region, one located in the municipality o Santa
Luz, Bahia and the other in the municipality o Petrolina, Pernambuco.
The estimated biomass presented a high coecient o determination
(R2) and there was negligible dierence in the assessment o above-
ground biomass (AGB) when using height (H) and diameter at breast
height (D) or height (H) and diameter at ground level.

The second most robust regression model or D. cearensiswas the one
that utilized wood density (ρ), diameter, and height as a single com-
pound variable predicting aboveground biomass. Wood density varied
among the 30 individuals o D. cearensis. This variation was unsurprising
and expected, as it is attributable to local environmental conditions, age,
and the stage o succession o the trees (Aabeyir et al., 2020). The spe-
cic wood density is an important predictor o aboveground biomass,
especially when one includes a much more ample variety o vegetation
types (Chave et al. 2014). On the other hand, wood density diers or the
same species due to diering locations (Kim et al., 2011) and its value
can vary depending on the method employed or its calculation.

Care must be taken when including wood density as a biomass pre-
dictor at the time o sample collection in the eld, because the tree’s
upper section near the crown is made up o younger wood and has a
dierent density rom the lower part, whose wood is more mature
(Burdon et al., 2004). Lorenzi (2009) describes wood density or
D. cearensis as 1.01 g cm3 and Oliveira et al. (2019) obtained a density
o 0.73 g cm3 or the same species, while we obtained a value o 0.81 g
cm3. In our own study, we utilized wood aliquots collected rom
branches in the upper section o the trees. So, while wood density is
certainly an important characteristic in determining the physical and
mechanical properties o woody tree species, the construction o
biomass regression models based on wood density as the single predic-
tive variable o AGB has no practical use, because in that case we would
need to measure each tree whose biomass we would like to predict
(Picard et al., 2012).

For Stegen et al. (2009), understanding the spatial variation o
aboveground biomass as a unction o wood density, both within and

Fig. 4. Graph o residuals as a unction o tted values (let) and quantile–quantile graph (right) o residuals rom the simple linear regression o ln(AGB) in relation
to ln(D + H) (model 3), tted or the 30 D. cearensis trees.

Fig. 5. Graph o residuals as a unction o tted values (let) and quantile-quantile graph (right) o residuals rom the simple linear regression o ln(AGB) in relation
to ln(D2H) (model 4), tted or the 30 D. cearensis trees.
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among orests, is important in predicting changes in stored carbon in
response to climate change. However, according to the authors, there is
no general relationship between orest biomass and the mean wood
density o the orest community. In some orests, stored carbon is higher
where the wood density is lower. Thereore, it can no longer be assumed
that there is a direct correlation between orest biomass and wood
density or between wood density and carbon stores.

The use o local specic allometric models, rather than generalized
models, is recommended whenever possible. Romero et al. (2020)

developed allometric equations to quantiy volume, biomass, and car-
bon in the southwest o the Brazilian amazon orest. The estimates or
commercial trunks o large trees were made by using diameter, com-
mercial trunk length, wood density, and carbon content as explanatory
variables. The study showed that the use o linear and non-linear allo-
metric equations or the estimation o volume, biomass, and carbon
could reduce errors and improve the estimation o commercial species in
southwest Amazonia.

As mentioned, environmental conditions infuence tree growth.

Fig. 6. Graph o residuals as a unction o tted values (let) and quantile–quantile graph (right) o residuals rom the simple linear regression o ln(AGB) in relation
to ln(D) + ln(H) + ln(ρ) (model 5), ln(D2H) + ln(ρ) (model 6), ln(D) (model 7), and ln(H) (model 8), tted or the 30 D. cearensis trees.
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Consequently, the production o aboveground biomass will not be the
same or trees o the same age. These environmental variations associ-
ated to the intrinsic (genetic) development o the tree promote varia-
tions in aboveground biomass. Alves et al. (2010) indicates the variation
in terrain topography associated with the greater infuence o large-
diameter trees as causes or aboveground biomass variations.

Ketterings et. al. (2001) state that a common method or estimating
orest biomass is by means o allometric equations that relate individual
tree biomass to non-destructive measurements that are easily obtainable
in the eld, such as or example, diameter. One common orm is B = aDb
or biomass B, diameter D, and parameters a and b. Data collected in
Sumatra, by the authors, and compared to previous publications showed
that the values o a and b vary among dierent locations. These varia-
tions are likely the main sources o uncertainty in estimating biomass by
using equations that are not calibrated to a specic place. Plant species
dier in their capacity to capture, store, and release carbon because o
their unctional diversities, meaning that the collective unctional
characteristics o plant communities are likely a major driver o carbon
accumulation in terrestrial ecosystems (Conti and Díaz, 2013). For this
reason, the ormulation o allometric equations or a particular species
and its local habitat should be encouraged in order to guarantee greater
precision in biomass estimation. As the allometry o trees depends on
environmental and genetic actors that vary rom region to region, the

theoretical models that include very ew dendrological explanatory
variables in specic locations, most likely will not produce precise tree
biomass estimates in other locations (Vieilledent et al., 2012). There-
ore, in developing allometric equations or determining aboveground
biomass, the idea is to determine the part associated to the intrinsic
development o the tree (ontogeny), distinguishing it rom that associ-
ated to environmental actors (Picard et al., 2012).

5. Conclusion

The semi-destructive method generated a set o data that allowed us
to estimate the aboveground biomass o Dalbergia cearensis and can
contribute to the quantication o the species’ contribution to the car-
bon cycle in the semiarid region o the Brazilian Northeast. O the eight
biomass regression models developed and tested to estimate the
aboveground biomass o Dalbergia cearensis trees, six achieved accept-
able goodness-o-t statistics. The regression model or D. cearensis that
utilized the single compound predictors DH (model 1) was the most
robust, ollowed closely by the model o single compound predictors
ρDH (model 2), and multiple variables D + H (model 3).

6. Recommendations

Themethodology applied in this study can be adopted to estimate the
biomass and volume o a larger set o species in the Brazilian seasonally
dry tropical orest. These equations should be particularly useul or the
semiarid region o the Brazilian Northeast, which does not yet have
individual equation models or the various species that compose its
typical orest ormation, that is, the caatinga.
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Propriedades energéticas da madeira e casca de Dalbergia cearensis Ducke. Agropec.
Cient. Semiarid. 15, 232–237. https://doi.org/10.30969/acsa.v15i3.1188.

Pereira Júnior, L.R., Andrade, E.M., Palácio, H.A.Q., Raymer, P.C.L., Ribeiro Filho, J.C.,
Pereira, F.J.S., 2016. Carbon stocks in a tropical dry orest in Brazil. Ver. Ciênc.
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